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""All men dream; but not equally. Those who
dream by night in the dusty recesses of their ninds
wake in the day to find that it was vanity; but the
dreamers of the day are dangerous men for they
may act their dream with open eyes, to make it
possible. "
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FOREWORD

This report includes a series of advanced propulsion concepts

ated during the calendar year of 1970 under an in-house program ¢

"Project Outgrowth."

This report has been reviewed and is approved.

“Colonel, USAF

Commander, A. Ro Propulsion Labesratory
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ABSTRACT )

A study was conducted by an ad hoc group within the &ir Force Rocket
Propulsion Laboratory during the calendar year of 1970 in an attempt to
predict the major propulsion developments that mzy occur in the next 30 to
40 years. This report evaluates th~ future of conventional chemical rock-
etry based on thermodynamic principles and revolutionary conceptual
approaches to system applications. A.dvanced concepts talling under the
general headings of Thermal Propulsion, Field Propulsion and Photon Pro-
pulsion are evaluated to a degree necessary to define their potential. 7This
report does not define a long list of very near-term technology program
subjects, but is designed to encourage and motivate talented and interested

scientists and engineers to once again strive for '"Advanced Propulsion
Concepts. '
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“INTRODUCTION

- , =

- - The near-term gains to-bs realized in-chémical »ocket propulsion

will come from evolufitu:ary imnprovements in propellants, packagmg,
efﬁc, ®ficy, ruggedness and system flexibitity, These individual improve-
_ments. ma,r be cornbined for specific apphcatmns to- nrod'.t.ce s1gn1f1cant
increases in range and/or payload capability., In a.adltmn, increéases in
 ser¥ice life with-Sttendant cost reductlons a¥e expected to be achieved
in-the next generation 5f missile systems. Much oi the -current Air
Force rocket propulsion technology program is structured to make these
potenual improvements a reahty within the next five to ten years, The
purpose of the study:contained in this-document, however, was to
identify and stimulate transitiohs.to. concepts beyond conventional chemical
rocket pro;zulsa.on iwhich,. if pursued; awould bring about substant1a1 step

mprovements in pro ‘Iusmn performance.

During:the calendar year ‘970, -an dd: hoc group within the Air Force
Rocket Pi‘bptﬁ.smx‘ LaBoratory*:(AFRPL‘ conducied a stidy of "Advanced
Propulsion: Concepts"xn an attempt to predict-the propulsion developments
and break*hroughs‘ that may-occur in the néxt 30-to- 40 years. Various
Government agencies, educational institutions, industries, and. mdlvu}uals
wére contacted and encouraged to submit inventions or suggestions in. ‘the-
area of propulsion and related sciences. Propulsion was broadly defined
as -anv technique for transmitting a mass from one point to another in an
aerospace environment. Contributors were encouraged to apply unrestricted
thinking in approaching the problem of propuision. The basic idea was to
re-establish the type-of free thinking ond rreativity that existed during the
late 1950s.and early 1960s, an inventiveness which to-a large extent appears
to-have been lost during more recent times.

The ad hoc committee operated under a self-imposed rule that
restricted its efforts to evolutionary chemical rocket concepts offering at
least a 25 to 30 percent improvement in propulsion capability. Ideas not
meeting this requ1rement but cffering immmediate potent1a1 to conventional
propulsion were promiptly passed on to Staff and Division Cffices within the
AFRPL for consideration as routine business. Most of the ideas qualifying
for committee action were sent to various individuals within the AFRPL
for study and analysis. Several ideas that were substantially outside the
technical charter or province of the AFRPL were sent to supporting
research laboratories such as the Air Force Cambridge Research Labora-
tory, the Air Force Aerospace Research Laboratories, and the Air Force
Office of Scientific Research, for analysis. Ideas that had a good possibil-

ity of materially advancing the current state of the art in propulsion were
evaluated with a greater degree of thoroughness. To this end, a number of
studies involving analysis and experimentation were either made under con=-
tract or conducted within the AFRPL. -~
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A dual approach was taken-by the ad hoc group. One portion of-the
effort was- de eted to a review of ’che mherent hrmtatzons of chemmal energy

This work also set a basehne agamst
’ced concepts could ‘be- Lompa.red Ideas concerned with chemi-
3 ,ally fell into one of two-general catﬂgones. Rocket propel-

oked in this area. Various novel ideas involving rocket sys-

tems: and -components were examined-in an attempt to alleviate one or more

of the: mherent limitations of chem.n:al rock=ts.

Advanced concepts, the second portion of the study cons1stmg of pro-
pulslon‘techn'ques involving energies. other than chemical, fell into two
general categories. Included under-what: :might be called ""Unknown Sciences!
fell-the conci pt'of psychic forces of which psychokinesis iliustrates the
exten to- w ch our unrestricted-thinking was applied. This category of

iscussed briefly.in ppendix I.. The second-catégory entitled
1cepts'-covers.all-those ideas which are governed by ihe
hysms ‘and science.. This category is presented in Part I

of this. re—port -and:is further subdivided into groups reflecting certain cper-

ational characteristics. "Thermal Propulsion" is characterized by the
h\.atmg of a working fluid to high-temiperature, and expanding it through a
nozzle. In.addition to ehenucal rockets, a number of nuvlear, laser, and
electrothernial rocket concepts generally fall in this group. 'Field Propul-
sicn' utilizes electric, magnetic, or gravitational fields to achicve a thrust.
These fields may produce a force by the acceleration of propellant mass or
interaction with available environmental fields. '"Photon Propulsion’ con-
sists of concepts utilizing light or electromagnetic energy. Under "Unique
Concepts' were placed ideas that were not easily categorized by previous
definitions. In Appendix I are a number of ideas excluded from in-depth
study for the various reasons stated,

The ideas presented in this ruport do not all warrant the izbel,
"Advanced Propulsmn Concepts, ' and by no means should they be regarded
as encompassing all possibilities. They do, however, in our opinion, rep-
resent some of the most interesting. The depth of analysis was limited to
that required to define a concept's potential. The AFRPL's objective -vas
not to prescribe a long list of very near-term technology prograrr subjects,

“but to encourage and motivate talented.and interested scientists and engi-

neers to once again strive for ""Advanced Propulsion Concepts'' that are
envisioned.for-use 30 to 40 years into the futur..
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CHAPTER I-1

INHERENT LIMITATIONS OF CHEMICAL ROCKETRY,

In the search for new and advanced propulsion concepts, it seems
appropriate to pause and cunsider in some detail the natural ard physical
limitations of conventional chemical ruckets. By a review and understand-
ing of inherent limitations, it may be possible to identify and develop new

chemical propulsion concepts that otherwise would not have been conceived.

THERMODYNAMIC LIMITS

The chemical rocket engine is a heat engine subject to the laws of

_thermodynamics. The '"ideal' thermodynamic process for a chemical

rocket converts all the heat of combustion into kinetic energy of the
exhaust gas. Unfortunately the laws of thermodynamics are not concerned
with the physical method employed to accomplish the acceleration of the
gas to its ultirnate velocity. In addition, thermodynamics may be used to
define the optimum situations. The First Law of Thermodynamics relates
the rocket exh:aust velocity or gas kinetic energy to the specific impulse
which has traditionally been used as a performance yardstick in comparing
the propulsion pétential of chemical propellants. The ideal conversion of

heat to kinetic energy is defined by:

A\
I.sp =—= = Z;T_ (hc - he)
Ec :gC

where V is the exhaust velocity of the gas or products of combustion, g_
a proportionality constant, J the mechanical equivalent of work, and the
term (hc—he) is the enthalpy or energy change occurring between the com-
bustion chamber and the exhaust conditions. This energy term is equiva-
lent to the energy available from the combustion of propellants. Letting
the maximum available energy (Ahr) of a propellant combination be the

energy available from an isothermal reaction at 298°K, and assuming all

I-1
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‘this energy can be converted into kinetic energy (the temperature of the
exhaust products is 298°K), a thecretical limit of Isp can be computed
from standard thermodynamic tables. The relation between specific

impulse and chemical energy in metric units may then be reduced to:

Isp = 9.33 "Ahr

where Ahr is the gravimetric heat of reaction in calories per gram at
298°K, and the specific impulse is, as is comxmor practice, based on
weight rather than mass. This equation represenis the ideal situation.

It expresses the theoretical equivalence of euergy and specific impulse.
Accordingly, this relationship indicates that chemical combinations

should be optimized for maximum enezgy to achieve the highest theoretical
specific impulse. This equation this establishes the maximum theoretical
performance limitation for chemical reckets and provides a baseline for

predicting possibie perfermarce gains.

Since the gravimetric energy release precisely defines the theoretical
limit of specific impuise, it is of interest to review the available energies
from both commor and exotic chemicals. The review should determine
where among the elements of the periodic chart high-performance fuels
and oxidizers may be sought, and approximately what the upper limit of
specific irnpulse should be. It is emphasized that the heat of reaction is
the difference in heats of formation between products and reactants, with
the greatest effect coming from the product. Table I-1 shows the gravi-
metric heats of formation of Group I, II, and III elements listed in increas-
ing order of molecular weight. The steady drop in energy per unit mass
indicates that little of use exists below the first two periods. A similar
trend exists for fluorides, chlorides and nitrides, the only other elements
sufficiently electronegative to consider as oxidizers. Aumittedly, approxi-
mations have been made to show the usefulness of this table; however, the

strength o. the trends it reveals must impress even the most open mind.
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TABLE I-1. GRAVIMETRIC HEAT OF FORMATION

Ca0
Sr0
Ba0
Group III:
Cxide
BZ 0
Al 2O 3

Ga203

273

Atomic No.

3

11

19

37

55

Atomic No.

4
12
20
38
56

Atomic No.

5

- 13

31

49

Heat of Formation (cal/gra)

Heat of Formation (cal/gm)

-5720
-3570
-2710
-1370

-870

Heat of Formation (cal/gm)

-4340

-3920

-1380

-8G0
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This table does not indicate second order effects ‘vhich can occasicmally
change the relative standing of particular elements. For example, a high
heat capacity or heat of fusion, or a tendency to vaporize can limit the
combustion:temperature. The requirement of high energy per unit mass
limits the usable elements for propellants to approximately 10 percent of

the periodic table.

. A compariscn between the "theoretical" rocket performance calculated
for gases expanded through a nozzle with the ideal performance of conven-
tional propellants gives some indication of the possible performance
improvements available. A number of typical rocket propellants are listed
in Table I-2 with their corresponding gravimetric energy, calculated
theoretical specific impulse, the ideal specific impulse and a compgrison

between theoretical and ideal impulse (peréent efficiency).

It {s clear from this table that within the atmosphere, these propellants
are inherently capable of much higher specific impulse. However, in
space or at high altitude the performance gap is not so great. Delivered
performance has not been considered. The nerformance numbers in this
tahle are based on calculations. A delivered specific impulse which is
lower than that calculated wiil obviously show a greater performance gap
than illustrated in Table I-2. The more exotic propellant combinations,
such as ozone/beryllium or fluorine/lithium, are examples that illustrate
the most energetic chemicals known. This, of course, does not include
metastable chemicals which are covered separately in this report. If a
technique could be devised for efficient conversion of the chgrﬁical energy
of these propellants to kinetic energy and thrust, improveraents up to
24 percent over cxygen/hydrogen might be realized. It/{s important to
recognize the effect of the square voot function invol;%ng the propeilant

energy. At greater propellant energies, the rate 4f increase in specific

impulse is less, and may discourage the costly/development of ncw pro-

pellants while offering small increases in chemical energy.
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In an ideal sen.e, high specific impulse is associated only with the
requirement of high energy per unit weight while the conventional use of
adiabatic expansion of combustion products through nozzles imposes a
turtber requirement on the nature of the exhaust products (in terms of
low molecular weight, proper specific heat and chemical equilibrium
considerations). The requirement for specific properties in the exhaust
combustion products is self-imposed by the nature of the machine and is
not a theoretical requirement relating impulse and energy. If alternate
conversion schemes and equipment could be devised to make use of chemi-

cal energy, substantially higher specific impulse could be achieved.

SYSTEM LIMITATIONS

The critical process in the operation of a chemical rocket engine
occurs during the combustion process. This event initiates the thermo-
dynamic processes which make a chemical rocket function. | During the
combustion process, energy is effectively liberated from the propellant
reactants and transferred as heat to the combustion products which are
expanded through a nozzle. Theoretically, it is desired that the pressure
ratio approach infinity. Over the last decade, significant performance
gains have been achieved by using higher pressure ratios obtained from
higher chamber pressurcs and improved neczzle expansion ratios. The
sensitivity of the theoretical specific impulse to the pressure ratio is
significant. As the pressure ratio increases for a given chemical compo-
sition, the ''theoretical' rocket specific impulse approaches asymptoti-
cally the "ideal' thermodynamic limit. This effect can be seer in the

data presented in Table -2, To illustrate this point further, the theoreti-

"cal specific impulse of a common explosive material "PETN" (pentaerythri-

tol tetranitrate) was evaluated as a rocket propellant under the following
conditions: (1) The chamber pressure was fixed at 1, 000, 000 psi and the
exbhaust conditions were varied to lower and lower values until a pressure
ratio of 1,000,000 to 1 was reached, and (2) the chamber pressure was
allowed to increase incrementally with a fixed exhaust pressure of sea

level until the pressure ratio reached 1,000,000 to 1.

-



The two cases showed minor differences in specific impulse values at
the lower pressure ratios, but essentially the same values of specific
impnlec were calculated at the higher pressure ratios. The theoretical
specific impulse values from Cas~ 2 are liste‘d: and plotted in Fiqure I-1 to

show the relationship between specific impulse and pressure ratio. Iti-

~ apparent that at pressure ratios above 100, N00 to 1, the expansion charac-

teristics and molecular weight of the exhaust spec1es have little infiuence
on the specific impulse for this propellant. T‘iis trend implies that if
rockets could se operated at these very high pressure ratios the propellant
combinations could be optimized for maximum energy and substantially

greafler impulse,

’
w

The fact that combustion and expansion of a hot gas takes place in the
presence of 'solid structures ultimately limits‘;fthe maximum obtainable
pressures and temperatures in a chemical rocket. In liquid rockets, the
principal limitations occur in the areas of heat transfer and turbomachinery.
With increasing chamber pressure, the heat flux to a constant temperature
wail increases due to a larger gas-side film coefficient. At very high
chamber pressures, the heat 1lux to the wall may exceed that which can be
conducted through the wall and carried away by one of a number of conven-
tional cooling techniques. Tu:bomachinery in liquid systems is used to
pump the propellants to the high injection pressures required., By one of
several techniques, power for the pumping function is obtained from a
small percentzge of the total propellant flow. As chamber pressures are
incréased, the power required to drive the pumps increases rapidly,

This parasitic effect at high chamber pressure results in an attendant
performance loss. Liquid rocket nozzles for specific applications have
area ratios selected as a result of various trade-off considerations,
including nozzle performance loss below design altitude, nozzle weight
and vehicle base drag. By using altitude compensating nozzles, perfor-
mance losses from the design point compromise inay bic reduced.

In solid rockets, where high chamber pressure mav be sought solely

in order to achieve higher specific impulse, additional rhotor case weight

-7
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is required to contain this pressure. The added weight may result in a
net vehicle performance loss as measured by terminal velocity. For
solid propellant systems, chamber pressure is also a design variable
which permits adjustment of propellant burning rate independent of some
other system variables. Hcnce, the grain shape and, ultimately, the
maotor configuration are affected by chamber pressure. The nozzles used
for solid rockets generally possess no pr sisions for active cooling or
altitude compensation. For most propellant combinations, refractory
materials and ceramic or plastic liners are used to handle the associated
heat fluxes and thermal stresses. The practical consideration involved
with storage of an oxidizer/fuel combinaticn in intimate contact further
dictates limits to material selection. “Thus, ior exrremely long burning
durations, utilization of high-energy prcpellants, or operaticn at high

pressures, chainber and nozzle cooling remain a limiting factor.

ENERGY CONVERSION EFFICIENCY OF A ROCKET

Many different methods can be used to evaluate the ¢nergy conversion
efficieacy of a rocket machine. However, it seems of most interest to
compare the proportion of energy represented by the mass of chemical
propellant that is transmitted to increase the velocity of 2 payload mass.
A chermical rocket propulsion system serves as a transportaticn system
to move a useful package of given mass to a specific velocity or to a
definite destination. The propellant weight and its gravimetric energy
release defines the total on-board energy available for the mission. A
significant portion of the energy is converted to heat and exhausted over-
board with the combustion products. Only a portion of the energy is
converted to work and an even smaller {raction is converted to useful
work in transporting the desired payload package. Typically,

10 to 15 pe.cent of the availabie chemical energy in a rocket is converted

into kinetic energy of the payload mass regardless of whether a three-stage

ICBM system or a small tactical rocket is considered. The energy
conversion efficiency of a chemical rocket is compared to typical
efficiencies outained in other energy conversion processes in Table I-3.
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TABLE I-3. TYPICAL ENERGY CONVERSION EFFICIENCIES

Device Conversion Process % Efficiency

Fuel Cell Chemical to electrical 100
Electric motors Electrical to mechanical 85 to 90
Guns Chemical to projectile kinetic energy 30 to 35
Automobile Chemical to crankshaft work 30
Rocket Chemical to payload kinetic energy

Fluorescent light Electrical to light

Incandescent light Electrical to light
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CHAPTER 1-2. RCCKET PROPELLANT IDEAS

The following six concepts are representative of the continuous
search for a quantum performance advance in the fields of conventional

propellant chemistry and combustion technology. If successfully developed

and demonstrated, some of these concepts would place us near the limit

of chemical propulsion perfermance capability using traditional rocket
propulsion, thermodynamic cycles and components. Previous attempts

to tame these concepts have, however, met with a singularly negative

b

response {rom Nature. We can only surmise that a barrier has been

e [T

encountered or that our usderstanding of the underlying principles awaits

further illumination,




~ Title: Liquid-Ozone

Concept: Liquid ozone or mixtures of liquid ozone-liquid-oxygen would be

*

used as the oxzidizer in.chemical rockets.

Attributes: As an oxidizer with any given fuel, ozone provides the
maximum gravimetric energy ralease, With hydrogen, in particular,
ozone theoretically provides the highest performance of any known chemical

oxidizer. The inherent increase in specific impulse and density impulse

obtained by tlie use of ozone in rocket systems is ultimately reflected by
an increase in payload or AV capability. In addition, ozone should, at

_ proper concentrations, provide hypergolic ignition with most fuels.

Analysis: The first serious consideration given to the use of ozone as a
liguid rocket propellant was given in a German report (Ref. I-1) by
Sédnger and Bredt in 1944, They, in describing 10 years of research and
analysis of liquid rocket propulsion, reported that with octane as a fuel,
ozone. gives a 10 percent increase in theoretical and effective exhaust
velocity beyond that of liquid oxygen. In this discussion, they report the
work of H, Schumacher (Ref. I-2 and I-3) in Frankfurt who had carried
out a considerable experimental program to assess the applicability of
ozone to rockets. Although Schumacher's work was done prior to 1944,

it was not published until 1953. It was in Schumacher's work that the
mutuaii ncni-miscibility of the ozone-oxygen mixture originally reported
by Reisenfeld and Schwab (Ref. I-4) was confirmed and the limits of

the two-phase region were determined. In the words of Schumacher,
t[Liquid mixtures containing up io 25 percent by weight of ozone are stable
at -183°C and appear to be safe from explosion. Therefore, they are of ¥
importance for technical use. Mixtures between 25 and 55 percent ozone
are not stable and split into a light phase, <25 perceni ozone, and a heavy
phase, >55 percent ozone. Since mixtures containing >55 percent ozone

are in danger of expioding, they are without immediate technical value, "

1-12




EM:ore recently, the study of the physical properties of liquid ozone
-and ozone-oxygen solutions has been the subject of a number of investi-
“-gations, “These works have been reviewed in &etail by Hersh (Ref. 1-5).
-‘Some of the more important properties of liquid ozone compared with
‘liquid-oxygen are given in Table 1-4, .

\
TABLE 1-4, PROPERTIES OF OZONE AND &_)XYGEN

.
]

Ozone Oxygen
Formula o, o,
Molecular Weight 48 32
Boiling Point, 'K 161.3 90, 24
Freezing Point, °K 80. 5 54. 8
Density, g/cc at 90°K 1. 5714 1. 142
Surface Tension, dynes/cm at 90°K 38.9 - 15,2
Viscosity, cp at 90°k 1.57 0. 189

The liquid ozone-oxygen system is not homogeneous over the entire
temperature~-composition range. The consclute temperature is 93°K,
above whicn they are completely miscible. IHowever, below this tempera-
ture phase separation occurs. In 1955, it was discovered that a low

concentration ¢f Freon-13 and CF Cll, of the order of 3 to 5 percent,

3
added to ozone-oxygen solutions completely eliminates the two-phase
regions. Thus. it became possible to handle these solutions without the

dangers which would attend the separation of an ozone-rich phase,

The only definitive work which has been reported on the experimental
determ.ination of the performance of liquid ozone systems was carried out
in-oxygen for various ozor.e concentrations up to 25 percent in an uncooled
-motor by Princeton University (Ref 1-6). The expected improvement in
effective exhaust velocity, 2 percent for the maximum loading of 25 percent
ozone was actually obtained. In fact, an additional increment of

‘1 or 2 percent beyond the expected values was actually measured.

_— I-13

A N 3 L OGS MM s st e st




B Bl

N

I

This effect was presumed to be due to the improved combustion efficiency
seen in ozone systems. The use of ozone/hydrogen systems for space
missions offers significant potential. Shown in Table I-5 is the performance

potential of several combinations.

TABLE I-5, PERFORMANCE OF THE GZONE-OXYGEN SYSTEM
WITH HYDROGEN (LIQUIDS)

Gravimetric
Mixture Heat Release Theoretical Isp Ideal
Ozone, % Ratio (cal/gm). 100014, 7/.2 Isp
None (0—2) 4 3220 391/470 527
25 3.87 3750 398/473 571
45 3.50 3880 404/479 581
100 (03) 3.50 4236 422/501 607

Studies conducted by NASA showed that low concentrations of ozone
S weight percent) in oxygen are hypergolic with many fuels, Hydrocarbons
were extensively tested; however, no real ignition tests with liquid

hydrogen were carried out.

In 1959 (Ref. I-7). the investigation of the physical properties of the
liquid vzone-fluorine system was started. Part of the motivation came
from the calculations of Huff and Gordon (Ref. I-8). Their study indicated
that with a JP-4 fuel, the performance with an ozone-fluorine system
maXimized at 30 percent ozone. The vapor pressure studies were in good
agreement with theory. They indicated, as theory predicted, that mixtures
of ozone-fluorine were homogeneous over the entire composition range
and that stable solutions existed over the range of temperatures studied.
All of the phyrical property data for the ozone-fluorine srstem indicate
no unusual deviation. While no high-order decomposition was noted,
experiments at 30°C showed that fluorine was a catalyst for the thermal

decomposition of ozone, Altaough the point of significant decomposition

i-14
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of ozone in the presence of fluorine was not determined, it was reported

to bé"l‘)'eio;&:'zi-ooxn temperature (ZSOC). Thus, to maintain composition,

the liquid mixtures must be kept refrigerated.

The Air Reduction Company (Ref. I-9) used autodecomposition
temperature (ADT) tests and shock tube tests to study the sensitivity
of ozone solutions. In addition, they made studies on the critical diameter
for the detonation of liquid ozone soluticns. Some interesting results of
the' ADT experiments are worthy of mention. The effect of the presence
of oxides of nitrogen on the sensitivity of ozone solutions had been deb..ted
but never resolved. The ADT experiments showed thut these impurities
k(up to 600 ppm) do not affect the sensitivity of ozone solutions. Similarly,
the distillation of the ozone prior to a test does not affect the results.
The ADT test did show a significant break at about 55 percent ozone in
oxygen which agrees with the previous discussion. Air Research also
reported that the addition of fluorine did not alter the results of their
ADT tests at similar ozone concentrations., Thus, ozone-fluorine

mixtures were equivalent to oxygen-fluorine mixtures. Most significant,

however, was their discovery that the addition of 8 to 10 percent
fluorine homogenizes the ozone-oxygen system. Thus, it is possible to X
ensure aga: st phase separation with a high-energy additive instead of
an inert freon. The critical diameter and U-tube tests indicated that
the system, 10 percent F2/40 percent 03/50 percent O,, could be
considered as a candidate oxidizer to upgrade performance and reduce i
the problems attendant with pure fluorine systems. Some interpolated
valvues for ozone-oxygen mixtures containing 10 percent fluorine are
shown in Table I-6. It is interesting to note that the 10 percent FZ/

5C percent 03/40 percentO2 system with hydrogen is ''theoretically’ only
one second lower than the fluorine-hydrogen combination of 410 seconds

and three seconds bette than 45 percent ozone in oxvg: a.
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TABLE I-6. PERFORMANCE OF OZONE-OXYGEN MIXTURES
CONTAINING 10 PERCENT FLUORINE
WITH HYDROGEN FUEL (LIQUIDS)

Mixture Gravimetric Theoretical Isp Ideal

Ozone, % Ratio ., Heat Release (cal/gm) 1000-14.7/.2 Isp
0. 4.2/6.0 3893 393/471 582
30 4.2/5.8 4107 402/484 598
50 4.2/5.8 4250 408/492 608
60 4.0/5.8 4321 412/496 613

Other ozone systems have been investigated (Ref. 1-10). In particular,

the ozone-oxygen difluoride system has shown promise. The viscosities,

densities and surface tensions showed no deviations from expected values.
Tke vapor pressure indicated, as was the case with fluorine, that the
ozone-~oxygen difluoride system is completely homogeneous. No
sensitivity measurements have been made, but no unusual hazards were
noted. Therefore, it appeared, at the very least, that ozone could be

used to upgrade the performance of either fluorine or oxygen difluoride.

The preparation of pure ozone and czone-oxygen solutions in sizeable

quantities for rocket applications has been studied in detail (t.ef. I-11 and

1-12). The report indicates that attention must be given to the complete
removal of organic matter from the oxygen used. This allows the produc-

tion of ozone solutions with very high stability., The production and

handling systems must be scrupulously cleaned and passivated prior to use,
Passivation is accomplished by passing ozone-oxygen gas mixtures

through the system while slowly increasing the ozone concentration. In

1957, an in-depth study (Ref. I-13) of a compiete plant layout together with
operating costs and material balances resulted in a projected cost of

18 to 20 cents/pound of liquid ozone. Receni commercial ozonators of

more efficient design could reduce this figure only slightly.

1-16
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Shortcomings: The overriding consideration of liquid ozone and its

potential use in rocket propellants is its sensitivity toward detonation.

Much-experimental work has been carricd out on this subjeci.. However.

little has been resoived. It has been shown that the reduction of organic

impurities in oxygen markedly improved stability. But there is really no

fundamental understanding of the sensitivity of iiquids or solids toward

"

detonation. As a result, there is no sensitivity test to predict the behavior

of ozone or ozone-type systems under field conditions. Much work has

been carried out to find a "magic!' additive which will desensitize ozone.

Such work is highly questionable until an understanding of the sensitivity

is obtained.

Conclusions: The use of ozone in low concentrations to provide

hypergO‘licity to the liquid oxygen/liquid hydrogen combination can certainly

be considered feasible in 5 years. The use of a higher concentration

(25 to 35 percent) with some freon additive to provide periormance

increases will probably be feasible in 15 to 20 years. The use of ozone

in low concentrations with other oxidizers like fluorine and oxygen

difluoride should also be considered feasible in the near future. Higher

concentrations of liquid ozone will need much more research and sensiti-

vity testing before a fair amount of potential can be realized.

Recommendations: The technology is sufficiently advanced so that

small-scale development efforts utilizing mixed oxidizers containing

ozone could be initiated. Programs could be outlined to investigate ozone

sensitivity, phase properties of ozone mixtures, ignition and combustion

characterisitcs of ozone mixtures with hydrogen, and production and

3 handling procedures for producing ozone and ozone mixtures. However.

the difficulties and complexities of ozone and its development as a rocket

propellant must be considered in light of the performance gains availzble,

the time p\eriod required for development, and the ifunds available. Under

A AN ¢




present circumstances, it appears more expedient to rely on the

well-proved propellants and systems within the inventory than to embark
on a new, expensive, and moderately high-risk program to develop

ozone-based oxidizers for rocket engines.
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Title: Stultene

Concept: A stable organic compound, N6’ can be synthesized.
cjéxfnpdund would decormmpose to give three molecules of nitrogen (N2)_. and

would be used as a_nionopropellant or gas generator. -

Deéscription: Stultene is envisioned as a symmetrical, six nitrogen atom

structure similar to the six carbon atém structure of benzene.

- Attributes: Stuitene Ppromises to be an extremely high-density

mgnéprdpéliént,bffje‘ring—ch’efnfx‘calf é:riérgies and ultimately performance
far in excess of other state-of-the-art monopropellants. In fact, Stultene
could surpass the performance poténtial of most storable bipropellant
combinations.

Analysxs- The physical and chemical properties of stultene can be
‘estimzted based upon the properties of similar chemical compounds.
Benzene, a symmetrical, six carbon structure, has a density of

0.88 gm/cc and melts at 5°C. By the addition of two nitrogen atoms,
replacing two carbon atoms located symmetrically in the benzene
structure, l, 4 diazine' is formed with a density of 1.08 gm/cc and a
melting temperature of 55°C. Thus, the symmetrical addition of nitrogen
atom pairs into a benzene-type structure tends to increase the compound’s
density and melting point. Extrapolation of this trend to the complete

six nitrogen atom stultene compound gives a density of about 1.5 gm/cc
and a melting point anve 100°C. An estimate of the heat of formation

can also be made. It is expected that the heat of formation will be large.
Based on bond energies, the gravimetric heat of formation is estimated
-at 2975'ca1/gm. Molecular orbital calculations by Shell Chemical

(Ref. I-14) suggest that the gravimetric heat of formation is 1297 cal/gm.




Table I-7 illustrates the performance which could be expected from

stultene-as a monopropellant.

TABLE I-7, MONOPROPELLANT COMPARISONS OF STULTENE »

Gravimetric Calculated Isp Ideal
Compound- Heat.Release (cal/gm) (1000+14.7/.2) Isp -

HZO 405 165/192 188

_H. 833 : 216/264 269

1297 : : 2787326 336

2975 3967478 509

*3N, 1, ANE

2

Shortcommgs- Kmetxc argumenis suggest that stulténe would be extremly

unstablé. In- comparison, the décomposition of benzené té acetylene

regu1;es,—that— the "tz;;gqna.l" centers become linear. Thxs.lmear:zatxon

requires -considerable "steric! strain as two hydrogen atoms compéte for

the sameé-position. In stultene, however, the decompcsition requires-only

a molecular vibration and movement ofelectrone. Moléculatr calculations

(Ref, I-15) suggest that while thére would be significant resonance energy

in the ground state of stultene, the first vibrationaliy excited state has no

barrier to decomposition at all. At room-temperature, approximately

one percent of the molecules would be in the first vibf’ationally excited

state, and the exchange rate would be so rapid that within a few milliseconds

all molecules would have been in the first vibrational state and wonld have

decomposed. Only at temperatures at which no moleculés are in excited

states would stultene have any chance of being stable. Even the decom- - r

position of one molecule would provide sufficient energy to cause the

decomposition of several additional molecules, and thus, catastrophic

decomposition.




ility-could:be controlled at low temperatures,

have to- be used in a-solid form. This represents.serious: handl’rg g

and -storage problems, and probably prohibits its use as a- monopropellant.

%Cénclus"1ons~ ‘Although stultene is attractive from energy consicerations;
o:be a VEry unstable compourd If syhthgsié:of stulténe is

_possible, ;ff—iaggl-bes—:ata very low temperatures with enormous handling

problems.  At-best, it could-only be synthesized in very minute quantities:

Recommend txons- Enormots amounts of time- andamoney could be spe‘xt
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Title: Use of Nitrogen to Support Combustion

Conceg&: This corcept conceives the tailoring of propellants in
air-breathing systems to react with nitrogen. In any air-breathing
propulsinn divice driven by chemical heat release, a reaction zone between
the air flow and the fuel can be identifiad. This is particulerly evident

for an air-augmented rocket, pictured schematically in Figure I-2,
Considering the air-fuel reaction zone, the distinction between reactive
and inert nitrogen becomes clear. 1f atmospheric nitrogen is regarded

as inert, it enters the reaction zone as a diluent, reducing the temperature
in the reaction zone aud generally impeding sustained combustion,

Reactive nitrogen, which would combine with the fuel to release heat,

could drive reaction zone temperatures up and improve performance.
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Attributes: The potential benefits from reactive nitrogen are an increase

in combustion efficiency, the option of operating at increased fuel-to-air

ratios, and of course, the possibility of operation in predominantly nitrogen ;

extraterrestrial atmospheres. The resulting syst=m improvements include

reduction of inlet size to reduce drag and the extension of the air-breathing

flight regime to higher altitudes where the percentage of nitrogen increases.

LAY PEp—

Analysis: The prospect of increasing combustion efficiency by inducing

reaction with atmospheric nitregen is interesting. Candidate ingredients

of a fuel for reaction with nitrogen are reported (Ref. [-16) to be boron,

»

i

teryllium, hydrogen, magnesium, aluminum and lithium. Because of

Mol

the favorable heat release with oxygen, boron is a major ingredient of -
many existing fuels for air-breathing systems, Recent attempts to improve ‘
the combustion efficiency of borun fuels at low cornbustion pressures have

resulted in the addition of varying amounts of aluminum, magnesium,
magnesium-aluminum alloy and lithium fluoride with good results. It is

cunceivable that an intermediate reaction with nitrogen participated in the

improvement cf combustion efficiency; however, additional data are needed

§ bt

o

it

!

#

H

H

H

to support this hypothesis.
3

i

Unfortunately, most of the work which has been attempted to identify

nitride formation in air-breathing systems has emphasized detection of

boron nitride (BN:, It appears, however, that any BN fermed in the

i
combustor would have a very brief existence. A temperature of 1300°C §
is indicated (Ref. [-17) for BN formation form elemental boron. However, ;
it is also reported (Ref. [-18) that BN is oxidized rapidly by dry oxygen
and carbon dioxide (COz) at 7000C to form boron oxide (B.’.O3) and
nitrogen (NZ). Rapid oxidation of BN in moist air is reported to occur at
800°C. These findings suggest that any BN formea during cornibustion with

boronr will be rapidly convertad to B,0 Another renc t (Ref. 1-19)

3°
supporte this supposition further in that the combustion ¢!ficiency of BN

was found to be excellent at reduced pressures where the comnbustion

efficiency of elemental boron is falling off markedly.

1-23
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Any reduction in drag of air-breathing vehicles which might be

achieved by operating at increased fuel-to-air ratios implied by smaller
inlets is problematical. It was shown (Ref. 1-20) that vehicle drag is
relatively insensitive to inlet size because of compensating effects in

the boattail region., The ability to reduce drag by reducing inlet cize will
depend upon the geometry of the related vehicle and the specific design

point of the propulsion system.

Shortcomings: The likelihood that the fuel will react with oxyger in

preference to nitrogen does not appear promising. The affinity of the
tuel for oxygen creates little hope that reactive nitrogen will have a
chance to participate in the combustion process unless the reaction zone is

too fuel-rich.

" Conclusions: The possibility of achieving nitrogen enhanced combustion
cannot be completely ignored. Conclusive proof for or against this
concept is still lacking To establish the possibility of a nitrogen reaction,
it would be informative to conduct a limited numker of tests with existing
fuels to simulate an all-nitrogen atmosphere, If significant reaction is
noted, propellant tziloring (o enhance the amount nf reaction could then
be undertaken. Testing of the resultant formulation in air would then
permit a qualitative evaluation of the combustion efficiency attainable by

tailoring to a reactive nitrogen propellant formulation,

Recommendations: In the case of predominantly aitrogen atmospheres,

such as that believed it surround the planet Mars (Ref. j-16), the
propulsion requirements are likely to be identified well in advance of
the needed operational capability. It seems reasonable to assume that
there will be ample time for propulsion development after the definition
of specific mission objectives; and that, cornsequently, no development
effcrt need be expended prior to the definition of firm propulsion goals.
It is concluded that the most meaningf{ul potertial benefit of reactive

nitrogen in air-breathing propulsion systems is enhanced combustion
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efficiency of boron-based fuels, It is noted further that a small
experimental progran might determine the merit of tailoring fuels to

be rsactive with nitrogen, at leasl qualitatively.
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Title: Tripropellants

—angepf.: The performenée upgrading of certain high-heat-release

bipropellants can be achieved by using elemental hydrogen as a working
gas. The only important examples are beryllium-oxygen-hydrogen and
lithium-fluorine-hydrogen. Lesser iripropellants based on aluminum and
boron as fuels might be proposed, but these are not competitive with

bipropellants such as fluorine~hydrogen on a theoretical specific impulse basis.-

Attributes: The main attraction of the tripropellant concept is the high

theoretical specific impulse aiforded.

Deacription: There aré many elaborations of the tripropellant concept,
all of which solve in some measure the proklem of how to combust a fuel
which is normally a solid with a cryogenic oxidizer, and then inject a
cryogenic fluid as working gas. These elaborations include fluidization

of the solid beryllium i a stream of gassified hydrogen, gelling of the
beryllium in an organic liquid, formulation of the beryllium metal into

a solid propellant grain, and suspension of the beryllium in the liquid oxygen.
More direct methods are available for the lithium-fluorine-hydrogen

system, since lithium may be melted at reascnably low temperatures and

injected as a normal liguid fuel,

Analysis: The tripropellant concept derives its high performance from
the combination of the most energetic chemical reaction with the mest
Beryllium oxide has a heat of formation of

efficient working gas.
~-5720 cal/gram, which makes it the most energetic combustion product
known, Lithium fluoride follows closely with a heat of formation of

-5680 cal/gram. Neither product has the ability to transform this energy

into useful thrust since they are both nongaseous. At high temperatures,
some vapor products are formed, but ordinarily the expansion function is

served by gases produced from the rest of the propellant. The superiority
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of elemental hydrogen as a working gas is well known, and when the notion
of combining the high heat release of BeO or LiF with the expansion
efficiency of hydrogen was conceived, very high specific impulse systems
were discovered, Standard sea level and altitude comparisons are given
in Figures [-3 and I-4, The gravimetric energy release corresponding to

the two systems is 5253 cal/gm and 5145 cal/gm.

Flame temperatures are comparatively low in tripropellant systems
because of the large amount of hydrogen and this helps to minimize
energy-sapping reactions. The beryllium system fares better in this
regard since lithium fluoride melts and partially vaporizes at tripropellant
chamber temperatures, and the heats of fusion and vaporization are
substantial losses to the system. The main reason for the extra specific
impulse of the beryllium system is connected with these losses in the
LiF system. AFRPL efforts have concentrated on beryllium-oxygen

tripropellants because of the higher specific impulse.

These efforts have been directed t6 two main proble ns. These are
the physical problem »f introducing a solid fuel and two liquid fuels into
a combustion chamber, and the problem of low combustion efficiency
generally observed with beryllium. The additional problems of beryllium
toxicity and low system density characteristic of hydrogen are accepted
as inherent and only kear on the appropriateness of this combination in

a given application.

In surnmary, these efforts resulted in satisfactory progress on the
first problem, but failed to solve the second. Beryllium was successfully
fluidized in a stream of gaseous hydrogen and injected into a rocket
chamber. Gels of up to 60 percent beryllium were made (Ref. 21)-- too
low to offer attractive performance. A monopropeliant slurry of beryllium

in liquid oxygen was formulated and combusted (Ref. 22). The high burn
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rate of this propellant was sufficient to propagate back up the injector
orifices and on to the tanks unless injection velocities were kept high,
A hybrid tripropellant known as the tribrid rocket was devised (Ref. 23)

in which up to 90 percent beryllium in a hydrocarbon binder was

combusted with liquid oxygen. None of these efforts demonstrated

acceptable combustion efficiency.
¢

The tribrid concept was selected for continued study at a larger scale.

Out of this program came an upgraded solid propellant grain (Ref. 24) of

95 percent beryllium. However, firings at the 1000-pound-thrust level

failed to achieve combustion efficiencies greater than about 85 percent.

These efforts were conducted in a period of high interest and concerted

inquiry into the combustion characteristics of metals in general and

beryllium in particular. A variety of solid and liquid propellant programs

and fundamental laboratory studies pointed to similar conclusions:
complete combustion of beryllium to its oxide in practical rocket chambers

is not attainable. Higher efficiencies with beryllium have been obtained

than the tripropellant program demonstrated; but these invariably were
brought about by operating away from theoretically optimum mixtures,

by overoxidizing to boost flame temperature (and reducing beryllium

content in the process).

With this background a tradeoff study of the advantages and

disadvantages of the beryllium-oxygen systems becomes very straight-
forward. If it is agreed that only realizable specific impulse is meaningful, ’
then the Be—Oz--H2 system has no advantage over the hydrogen-flucrine
system. Its delivered specific impulse is at best equal to that of H,-F,, ,

despite its high theoretical potential. On the othel hand, its density is

less than half that of the HZ-FZ system, posing a sever- disadvantage in
mass fraction. The extent of this disadvantage is revealed in Figure [-§
which shows that in payload ranges typical of the Transtage application,

the beryllium-oxygen-hydrogen system would require 95 percent combustion
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efficiency to equal the payload capability of hydrogen—fluo‘rine. Even at
100 percent combustion efiiciency only a 7 percent gain in payload may be

obtained,

The lithium-fluorine-hydrogen tripropellant has beern examined under
NASA sponsorship, Engine studies have shown that this systexﬁ is capable
Tradeoff
studies have shown (Ref, I-25) that payload advantages of 5 to 10 percent

of much higher combustion efficiency than the beryllium system.

are possible in direct-ascent, short-duration missions as compared with

FZ-—H' . However,,r when. long-duration space missions are considered,
meteoroid shielding requirements for the oversized hydrogen tanks, plus
loss of hy&rogen by boil-off, reduce the payload capability below that of
fluorine-hydrogen. The conclusion of that study was that the modest
advanta.gés of this tripropellant system did not warrant the cost of

developing it.

Shortcomings:

A, Be-—Oz-H2 System

l. Low system density and resulting low mass fract->-
2. lLow combustion effiriency
3. Complex feed systems

4. Beryllium toxicity

B. Li-FZ-HZ System

1, Low system density .

2. Complex feed system (need to melt Jithium)

Conclusions: In the absence of new principles, it does not appear likely
that the delivered pe. “~rraance of the Be--Dz—H2 tripropellant can be

elevated to a useful levcl. Basic studies of beryllium particle combustion
have indicated that burning is limited by the accumulation of an impervious

“slag" of BeO on the fuel particles. The tripropellant system is more
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sensitive :to this problem than usual, since the only source of energy is

the oxidation of beryllium; thére are no other products, such as COZ- or

H,0to-cover up the deficiency, The low mass-fraction reduces the

impetus for further concerted study to solve the problem.

5-H

A 5 to 10 percent advantage in payload is possible with the Li-F2

2
system in:Short-duration missions;

light of presentknowledge. No missions are known which cannot be

performed with more conventional-propellants. The slight advantage -
whic.> is possible with-the Li--if"z-:l-lf2 system in certain systéms is not
sufficient -to compensate for the developmental costs and added systems
complexity, The possibility that the berylliumi combustion problem will
‘be solved at some future date cannot be discounted, but active work to

achieve this solution should be viewed as a fundamental effort.




Title: Solid Hydrogen Propellant System

Concept: The propellant hydrogen can be stored in.its solid state form

for long-duration space misSions. The hydrogen could be stored-in a tank -

where it is melted as required for use as either a liquid or gas. In the
high-thrust case, hydrogen is stored as a solid and used as a liquid to

feed a pump-fed engine. The liquid would be:produced on-a=mand by ¢
bleeding hydrogen gas from the cooling jacket of a regeneratively cooled: -

engine and spraying this gas on:the solid-hydzogen-to-melt:it.

Attributes: The use of solid hydrogen.in rocket engine systems provides

a éﬁ,b:f;age—dgigsityiipcre,aﬁe of 22 percent over liquidihydrogén. ﬁ@@jeVe_ﬁ;
the most important feature is-the improved storability ch;facte}rigfi,cs,
because of thé added latent heat-of fusion. Propellant losses durijgjg:;:loxjgi
duration space missions would be greatly reduced by using, solid hg'drogen
as opposed to liquid hydrogen. For instance,. p;élimary—calc@éﬁons
indicate that the loss rate of hydrogen can be reduced by as much-as

43 percent (Ref. I-26).

Description: The specific application envisioned for storing solid hydrogen
and supplying this propellant in sufficient quantities to the engine utilizes a
helium-cooled storage tank for the solid hydrogen. Melting of the hydro-
gen is accomplished by impinging warm hydrogen gas on the solid material.
Other melting techniques employing conduction and radiation might also be

considered.

Analysis: While freezing of the hydrogen is a straightforward process,
there is some question whether the solid's melting rate can be accom-
plished at the exact rate required for use by the engine. To answer this
question, detailed knowledge of the heat and mass transfer at the surface

of the solid hydrogen is required. -Only a limited amount of thermal-

physical property data is available (Ref. 1-27). Preliminary feasibility
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studies-based on these data indicate that melting of solid hydrogen may be
accomplished quite rapidly. However, complete substantiation of this con-

cept must be based on experimental measurements. In addition, a helium

cooling system must be used to initially freeze the hydrogen. Studies
(Ref. 1526, I1-28 and I-29) conducted by the AFRPL using the Orbit-to~
Orbit_Shuttle (OOS) vehicle show that the effects of the additional weight to

the vehicle may actually result in a performance loss (AV) of mission !

capability lasting for short durations (less than 50 days). Substantial N
increases in mission capability are still available for long-duration 7

TSy S

missions (greater than 200. days).

Shortcomings: Aside from the lack of demonstrated melting rates to

ifé}iiy hat sufficient flowrates for large engines are obtainable, there is

a significant weight penalty resulting from the heat exchangers necessary

to accomplish the melting and freezing processes.

Y

Conclusions: The use of hydrogen propellant stored in solid form appears

to be an attractive concept even though there may be signii'_icant weight
penalties to the vehicle system. Experimental data need to he obtained to

1)

lend credence to preliminary calculations.

Recommenaations: A program should be establishec to measure the ther-

mal physical properties and the melting process of solid hydrogen.
Grumman Aerospace Corporation is currently conductihg a program under
Air Force contract to: (1) measure the thermal condﬁcti;{ft& and thermal
diffusivity of solid hydrogen cover the range of temperatures from 10. 8°R

to ZSOR, and (2) investigate the process of melting solid hydrogen from a

gaseous hydrogen stream. -




Title: Metastable Ingredi:.rs

B

Concept: Developrent of a propellant based on the energy contained in the
metastable states of atoms and niolecules.

Attributes: A significant increase in Isp over conventional propellants
using chemical bond energy.

Description: Propellants in common use today derive their energy from

the making and breaking of chemical bonds. However, greater energies
may be obtained from free radical recombination, metastable species and

other energy storage concepts.

Analysis: Among the most energetic chemicals available for propellants,
approximately 3 Kcal/gm of energy is available from liquid propellant
combinatins such as Hlez or H?,/FZ‘ Solid and monupropellant systems
are correspondingly lower. 1If it is assumed that the engineering and mate-
rial problems can be solved, then energy densities up to 6.2 Kcal/gm can
be obtained from the systems Li/FZ and Be/03.

In the search for chemical propeliants with greater energy densities,
the Department of Defense studizd unusual chemical species. Initial work
concentrated upon free radicals {an alom or molecular fragment containing
an unpaired electron) which if allowed to rccombine can supply significant
amounts of erergy. The encrgy from these species is obtained when the
fragments recombine on the unpaired electrons from a normal bond pair,
The highest energy available is from H atoms which on recombining
produce H, and 52 Kcal/gm. The: . studies were undertaken at the
Nativnal Bureau of Standards between 1957 and 1959. The majo: result
of this effort was that many free radicals were produczd and stored in
inert matrices at very low temperatures (usually a few degreces Kelvin)
but never in concenrtrations high enough to be of practical use (concentra-

tions never exceeaed 0.1 percent).
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In the early 1960's the Air Force Rocket Propulsion Laboratory
reviewed the work of H. Damianovich in which he claimed to have made a
variety of heavy metal helides. Since helium is normally an inert gas, i
was hoped that these compounds might be relatively energetic. Attempts
to reproduce Damianovich's work were unsuccessful. Many unusual

experimental results were observed, but no compound formation was ever

demonstrated.

During the research with helium, one contractor conceived the idea of
producing a ''plasmasol.’ This is a solid plasmsz which would consist of
alternating layers of helium ions and electrons sandwiched between layers
of an insulator. The insulator chesen was cecesin, a mixture of naturally
occurring, high melecalar weight, straight chain hydrocarbons. The
normal heat of combustion of this material is 11.2 Kcal/gm. The contrac-
tor initially reported heat of combustion values larger than this by a factor
of 5 and suggested large amounts of energy had been stored. Subsequent
studies indicated, however, that these values were probably due to calo-~
rimetry errors, and only small energy density values (less than

0.7 Kcal/gm) were demonstrated.

Duri~y this same time period, other means of energy storage were

sought. The only other concept studied in detail was metastable species.

When an atormn or mo. -cule becomes excited, that is, becomes more ener-

getic, it may do so in a variety of ways. If the species under consideration

is an atom, it can move into higher (more energetic) translational (linear

motion) or electronic (electron orbital) states. If the species is a two-

atom (diatomic) molecule, it may also move into higher vibrational states

(all atoms and molecules not at absolute zero contain some vibrational

energy).
states are also possible.
When an atom moaves iato these higher states, it may immediately

The study was limited to electronic metastable

states.

Finolly, iJ the molecule conteins more than two aitoms, rotational
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relax (change to a luwer energy with consequent energy release), or it

may ra2main in this higher energy l:-vel for some time, If the latter occurs,
the species is said to be metastable. Non-metastable states usuzlly relax
in very short seriods of tirae, usually less than 10—6 second. Metastable
states ouovr on .. much farger time scale, usually 103 to 1072 second.

rin . 'ly, if the molecular weight of the species is low, la»ge amounts of
encryy per gram can be obtained. Numibers between 50 and 100 Kcal/gm

are possible.

All of the description given above relates to metastable molecules in
the gaseous phase. If a propellant is to be developed, it presumebly would
need to be in a liquid or solid phase for density reasons. Metastable
stutes have been reported for several diatomic moliecules in the condensed
phase. For example, Livensky (Ref. I-20) has reported a spectrum of
ZrO in which one of the spectral features is believed due to a metastable
state. Robinson and McCarty (Ref.I-31} have reported a spectrum of NH
in which one of the spertral features is ascribed to a metastable state.

To examine the possibility that storage of metastable states in the con-
densed phase is possible, General Electric atterupted to repeat the earlier
NH work of Robinson and McCarty. They also examined several other
likely metastabie areas, including N,, BH, AlH and O,. Each of these
species was produced, trapped in an inert gas matrix and examined for
spectral features that would indicate the existence of a metastable state.
In some cases, the deposit was excited with an electron beam in an
attempt to produce metastable stales. No conclusive evidence for long-
time stabilization of an electronically rnetastable molezule by matrix
isolaticn techniques was obtained during the course of these investigations
Because of the lack of positive results, the effort was concluded at this

point.
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Shortcomings: To date, there is no unequivocal evidence that conditions

can be found which would allow metastable states to exist for realistic
periods of time. Nor is there significant proof that metastable species

can be retained for any significant period of time in a condensed phase.

Conclusions: Tkis field of endeavor currently holds much potential but
little promise. Any feasibility demonstration of this cencept does not

appear likely within the next 20 years.
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CHAPTER I-3. ROCKET SYSTEM IDEAS

The previous chapter dealt with tbe production of chemical energy.
The concepts in this chapter serve to illustrate the variety of possibilities
that exist for utilizing the chemical energy. These concepts generally
attempt to alleviate some limit imposed by conventional chemical propul-
sion. These l'x::its include expansion ratio and mass fractions. Detona-
tion cha.sacteristically achieves pressure ratios on the order of 1,000,000
to 1. By eliminating nozzles or cases, or infinitely staging a vehicle,

improved mission performance may be obtainable.
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Title: Infinitely Staged Rockets

Concept: The concept of infinite Staging assumes that those portions of

the rocket vehicle which have already performed their function and are no
longer nezded are ejected or consumed continuously throughout the burning
time. At a point in time when a particular mass no longer seives a useful

function, it becomes ''dead weight' and detracts from the performarce of

the rocket vehicle by unproductively consuming energy. An infinite

staging propulsion system would continuously burn or jettison unproductive

mass and thereby improve performance.

Attributes: Infinite staging improves the flight performance of chemical

rockets in terms of their achievable velocity increment (AV) and payload

capability. It is essentially a more efficient method of utilizing the avail-

able energy from any given propellant combination. It represents the way

to higher energy missions that could not be accomplished with an equiv-

alent single stage no matter how large the vehicle.

Description: For a liquid rocket, the dead weight consists mainly of

empty tankage. Therefore, an infinitely staged liquid rocket would eject

or consume empry tankage. In a solid rocket, most of the dead weight is

associated with the motor case. Therefore, an infinitely staged solid
rocket would eject or consume that portion of the case that is no longer
needed. The maximum possible performance is achieved if the inerts

can be jettisoned from the vehicle without a performance penalty.

Analysis: The use of staged rocket vehicles is a concept that is almost
as old as rocketry itself. The conventional method of performance
improvement is to expend entire stages of multistage rocket vehicles at
discrete points in the trajectory of the vehicle. Designers of solid pro-
pellant motors and liquid propulsion engines have continuously tried to
improve vehicle performance by employing concepts that approach the

optimurmn of infinite staging.
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The performance oi a single-stage vehicle and an infinitely staged
vehicle can be compared in terms of the ideal velocity increment (AV).

For single-stage vehicles, the ideal velocity increment is:

aAv

1
8. IspIn 3 “M, /M,

ideal velocity increment (ft/sec)
a proportionality constant
specific impulse (seconds)
initial propellant mass (lbm)
initial total vehicle mass {Ibm)

The derivation of this equation mu:y be found in almost any text on rocket

propulsion.

The term, 1-M_/ Mv’ is commonly called the mass fraction of the vehicle.
For infinite staging, the ideal velocity equation must be modified. Starting
from the basic momentum equation:

Md4dV _ dm v
b vae T @ ©

(2) Mv(t) Mpl + Mi (t) + Mp(t)




Mv(t) = vehicle total mass at any time

Mp (t) = vehicle propellant mass at any time

Mi(t) = vehicle inert mass at any time

Mpl = payload mass (constant

Ve = exhaust gas velocity

m = exhaust gas mass

K = inert to propellant mass ratio (constant)

Substituting for dm/dt and Ve the equation becomes:

de

v = -g  Isp M+ (LR M

p

Iutegration between the initial and final lirits gives:

-8, Iep i

gc Isp M
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where M_ and Mv equal initial conditions as orig.nally defined. By

defining a new parameter, \, as:
A= M /M
PV
the equations for single-stage (1) ang infinitely staged (2) vehicles become: .

- AV g Isp In -I-Tlx (1)

Bc oP In 1

and av = TE T-(1RX )

H

The equations are plotted paramerrically in Figure I-6. F¥Figure I-7 shows

the percent of change in an infinitely staged system over an unstaged

system. If the single-stage vehicle is represented by K = 0, then these

figures illustrate that vehicles with small propellant ratios (\) are rela-
tively insensitive to staging; but vehicles with large propellant ratios, in

the range of 0.7 to 0.9, are quite responsive to infinite staging.

Shortcomings: In order to improve the velocity increment of a vehicle

significantly by infinite staging, the system concept must operate at either
high prope’lant ratios which implies a small payload weight or high values

of K, which automatically places the vehicle in a low AV performance

region. In addition, most of the so-called "infinite staging' concepts that 1
have been studied have potentially very little increased performance.

Usually, they suffer irom reduced Isp or large energy iosses.

b st 0

Conclusions: Infinite staging is an illusive concept that has not been accom- v

plished by any technigue that really delivers a significant payoff in flight

performance. There are various schemes for eliminating system inerts,

A it b b

but in general they are not t.ue infinite staging concepts.
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Recommendations: The search for '"advanced mass fraction' systems

should be continued.




Title: Nozzleless Solid Rocket Motor

Concept: The nozzleless solid rocket motor utilizes a solid.fuel grain
geometrically contoured to fuenction as a rocket engine nozzle duripg

operation. Several nozzleless design variations are shown in Figure I-8.

T2 SLGW BURNING
TN : ;.

——

Figure I-8. Nozzleless Design Variations

Attributes: The nozzleless solid rocket motor is in reality an advanced
mass fraction system. By avoiding the inherent weightrpenalty of aﬁ'né‘/z‘le‘,
the nozzleless motor potentially offers improved payload or terminal
velocity capability. The nozzleless motor could alse be simple, low cost
and reliable; and, with the additicn of a consumabie case, it could o

approach the performance of an infinitely staged system.

Analysis: The nozzleless solid rocket motor concept dates bag}c to the
eé.rly 1960's when Grand Central Rocket Company (now L.ockheed
Propulsion Company) conducted a program with NASA support, *
During this program, a ballistic model was dsveloped for a nozzleless
motor and four 7-inch motors were tested. Correlations Between the
firings and the model proved to be reasonably accurate. XLiockheed con-
cluded that nozzleless motors perform in a predictable manner; are

capable of high performance in an appropriate configuration, and are

“Feasibility Study of a Nozzieless Rocket Motor, GCR Report F-0014-51.
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cheaper than conventxonal solid motors because of reduced hardware and
s:.mphf:ed ccnstructmn.

A -computerprogran, bused on the Lockheed ballistic model, was

’used*by' the AFRPL to study nozzleless motor designs. This computer

prp_gramaaccounts;mr the pressure drop down the grain length but is

“limited in its ability to simulate erosive burning.

N T P TR FYCIE

The studies indicated

--that nozzleless motors, by proper propellant selection and grain design,

- _can-achieve up to 90 perce’nf of the total impulse delivered by conventional
»ingzz"i'ed%égsig"ns (on a fixed=volume basis).

o 0 o

AT

A

Cost savings were estimated
‘at 20°to 30 percent, derived primarily from the elimination of the nozzle.

The attractiveness of nozzleless solid rocket motors is due not only
to cost savings and simplification but their increased potential for flight
ﬁxj;issidng. ‘Using the terminal velocity or AV capatility of a rocket as a
- measuare-of ,performance, nozzleless rockets may be compared to con-
_ventional rockets. The ideal AV equation is:

AV = g _Ispln 1
c 1—x(1~Mp/Mv)

AV = velocity increment

g, = proportionality constant

Isp = specific impulse

A = motor mass fraction {propellant to motor ratio)

Mp/ M= payload to vehicle mass ratic




Assuming a typical air-tc-ground missile with:

Isp = 250 seconds, A= 0.7, Mp/Mv = 0.3

ac a baseline, the performance between a conventional system and a

nozzleless system is illustrated in Table I-8.

TABLE I-8, RELATIVE PERFORMANCE CAPABILITY
OF NOZZLELESS ROCKETS

Motor Design Isp A EE/MV AV % Change AV
Conventional 250 0.7 0.3 5400 0
Nozzleless 250 1.0 0.3 9675 79.2

These results assume that the total mass and payload mass are kept
constant. In other words, the nozzle mass is replaced with an equal pro-

peliant mass and a negligible case weight.

The AFRPL studies were extended to the improved 2. 75-inch rocket
and the 40-millimeter rocket assisted projectiie. Using cunstant-volume
syste'.s, the nozzleless versions were about 5 percent heavier when the
nozzles were replaced with propellant. The total impulse and specific
motcr performance requirements for the nozzleless motors were 9 to

12 percent less than the conventicnal motors.

A total of 24 nozzieless firings have been made (18 within the past
year) by the AFRPL, and various companies. During the course of motor
firings, a combustion instability proklem occurred in seveu firings. This
problem has taken the form of severe and repeated characteristic chamber
length (L*) extinguishment during motor operation. Most of these tests
used 2. 75-inch hardware and had simple cylindrical grains. Various con-

ventional propellanis have been used in these firings. By simply removing
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the nozzl¢ frun the conventianal mbtqr and firing it, about 70 percent of
its <landard total impulse is achieved. This technidue does not provide a
true comparison between muotors with and without nozzies for sevaral
Con-

reasons. The most important reason i3 the propellant burn rate.

ventionial motors are generally designed for operation in the pressure
regime of 100C to 2000 psi.
Fort arcas are usually much larger than the throat area

Burn rates aad nozzle sizes are matched
appropriately.
in-the: ¢ motors to avoid eresive burning. When the nozzle is removed,
the port becomes the throat, thus reducing the chamber pressure and
propeilant burn rate. The lower pressures resulf in lower total impulse.
Decreasing the burn rate of che propellant without changing other motor
parameters can thus have a significant effect upon the delivered t.ial
impulse. A motor desigued for operation without a nozzle would use the
volume originally taken up by the nozzle for additicnal propellant; would
have 2 higher web fraction; would use a propellant having more desirable
propellant properties (such as a low pressure exponent); and would prob-
ably have a lighter case. All these changes would greatly enhance the
comparison between nozzleizes and conventional motors in terms of

performance.

Shortcomings: Considerable development is necessary to operate at low
pressu:e and to avoid the instability problem. It is assumed that proper
propellant tailoring and grain design could accomplish stahle operation.
In addition, the nozzleless motor designs thus fai eunvisioned cannot

accommodate the traditional fins neccssary for flight stability.

Conclusions: Elimination of thz nozzle from a cenventional rocket meotor

will result in a 30 percent decrease in total impulse. By placing adrlitional

propellant in the volume originally occupied by the nozzle, utilizing
improved grain design, and selecting proper propellants, the decrease in
Preliminary studies

total impulse can be reduced ic 19 percent or less.
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indicate that nozzleless motoxrs would cost 20 to 30 percent iess than

L

=

conventional motors, and the use of nozzleless rocket motors appears ; =

most attractive for small, unguided, air-laur.ched solid rockets. ::?i

3

Recommendations: The analytical design capability for nozzleless rockets 5

needs to be improved and coordinated with test data, 4 low ievel of effort 2

R Z3

is recommended to develop design capabili.y and to study instability preb- R &
lems.

If the results appear encouraging, the nozzleless concept should ke
demonstrated with several inventory-sized motors, and possible solutions

to flight stability and guidance problems should be investigated.
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Title: Caseless Rockot Motor (CRM)

Concept: The Caseless Rocket Motoxr is a vehicle/projectile propelled by

the combustion of gases external to the vehicle/prcjectile.

Attributes:

et v it e

1. Increased propellant mass fraction. This attribute could posi-

tively affect the following characteristics:

a. Impulse-to-weight ratio
b. Acceleration

c. Time-to-target

d. Warhead capability

e. Range

2. Simplicity. This implies possible improvement in reliability,

accuracy. and projectile cost,

3. Modestly increased specific impulse due to aerodynamic

enhancement of thrust.

Description: Two basic afterbody configuratlions are being investigated:
(1) an end-burner using a consumable case, and (2) a truncatesd conc

burning on the side and end (Figures I-9 and I-10, respectively). 3Beth
configurations propel an ogive forebody which has nonreacling surfaces

(nonburning). -

Analysis: The conventional rocket motor provides propulsion through the
momenturn of the exhaust gases. The external burning rocket concept
relies on an aerodynamic compression process as well as momentum to

provide thrust. As the supersonic freestream approaches the aiterbody,
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the streamlines in close proximity to the projectile body see the
combustion gases from the reacting surfaces. If these combustion gases
blow off the reacting surface w . sufficient strength, the ‘streamlines are
then deflected as though they had encountered a geometric surface; thus,

a compression region is generated. The flowfield aft of the compression
shock structure is elevated above freestream static pressure. A force

is generated normal to the surface by the momentum of the exiting propel-
lant and by the integrated pressure-area term of the increased pressure
field acting over the surface. This force is composed of two components.
One component acts only as a co>.ur:-essive force on the propellant surface
and is of no immediate aid in achieving thrust. The other component acts

as a propelling force.

The optimum cone angle for the truncated cone afterbody is being
examined at present. This implies an optimization on cone angle for
maximum thrust componrent and on the integrated pressure-area term.

The potential of fuel-rich propellants will also be examined.

It might appear obvious to maximize the propelling component and
minimize the compressive component. This implies an aft cone angle
of 900, the case of the end-burner. However, for a given projectile
diameter, a 90° cone angle minimizes the surface area over which the
pressure may act. This limiting case was examined as the initial per-
formance model and is illustrated in Figures I-9 and I-11. It is interesting
to note that the truncated cone configuration will geometrically approach

the end-burner configurs - 1 as the burning time progresses.

Shortcomings:

1. A large effort will be required o determine aerodynamic

stability.

2. Combustion instability may be a problem.
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The mass-flow requirements of the end-burning configuration

may be beyond the state of the art of propellant formulations.

4. Ignition and boost mechanisms could present problem areas.

5. Propellant structural integrity could be a problem.

Conclusions: Analysis of the pure end-burning caseless rocket motor
indicates that acceptable specific impulse values and thrust levels are
possible with solid propellants having sufficiently high burn rates. For

typical propellants, a theoretical ~necific impulse of 180 seconds was

calculated. This is somewhat lowe: I.an the specific impulse of a con-

ventional solid propellant rocket motor; but for the same vehicle size

and weight, more propellant can be utilized since the CRM functions

without nozzle or combustion chamber. Analysis of the CRM boattail

configuration indicated that the boattail has lower thrust and requires

higher burning rates than the pure end-burning CRM. The only possible

advantage of the boattail is better aerodynamic stability, but much

experimental investigation would be necessary in that area. The principal

disadvantage of the CRM configuration is that it requires very high propel-

lant burn rates (on the order of 2 to 6 inches per second). Burning rates

of this magnitude at the required low pressure are definitely far beyond

the state of the art, The required burning rates coupled with the mediocre

performance gains indicated by preliminary analysis make the CRM con-
cept unattractive by present-day standards.

Recommendations:

Considering the state of the art of the solid propellant

field, the CRM appears to be unfeasible at the present time. In the event

of a significant advance in mass evolution rates of solid propellants, it

1nay be worthwhile to investigate the concept in more Je*ail,
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Related Concepts: Presently, various agencies are pursuing a reiated

propulsion concept which is termed ext:rnal burnamng (EB). Contrary to the
CRM configuration, a combustion chamber is employed and a fuel-rich
propellant is burned partially in this gas generator and then expelled
through discrete nozzles to burn to completion in the inviscid supersonic
flow adjacent to the wake of the vehicle. Rather than generating thrust
principally by imparting momentum to the gases in the combustion chamber,
the EB concept relies on entrapment and compression of the recirculation
region of the wake by propellant gases burning outside but adjacent to this
viscous region. Experimental investigaticns have proved that back pres-
sure over free stream pressure ratios of 1.3 an” Isp's of approximately
480 seconds are possible. Considering that normally {without combustion)
PB/Pm is approximately 0.5 and that a PB/Pm of approximately 1.6 will
allow zea level flight at Mach 2., 3, it is obvious that the external burning

concept holds considerable promise in the near future.
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Title: Sustained Detonation

Concept: Rotating Detonation Wave Engine (RDWE)

Attributes:

1. Possible elimination of liquid rocket combustion instability

problems.
2. Lower engine weight per unit thrust,

3. Compact engine component packaging capability,

Description: The RDWE consists of an annular combustion chamber in
which propellants are injected through the injector at a constant and
uniform rate. Combustion of the propellants is by a detonative mode
rather than the deflagration mode used in conventional chemical rocket
motors. Detcnation waves completely fill the chamber cross section and
propagate steadily in the same circumferential directio~ Idezally, propel-
lants can be injected in liquid or gaseous form; howevei, operation is

simplified if gaseous propellanis can be used.

Analrsis: The occurrence of combustion instability has plagued liquid

propellant rocket engine development programs since their very beginning.
Because this phenomenon is nonlinear and analytically not well understcod,
it has not been possible to scale-up in thrust level from the successful
operations of small-scale, laboratory combustors. Although not verified,
saveral combustion investigators believe that detonation occurs in some
form as a part of the instability process. The thought behind the RDWE is "
to force the occurrence of detonation deliberately in a controlled work

manner; thus, so to speak, use the instability process to do useful work

and eliminate its random, unexpected, destructive occurrence. In this

way, it is believed that the scaling problem would be minimized.




Because of the nature of the detonation process, higher energy
conversion rates per unit chamber volume can be expected with the RDWE
concept than with conventional systems. Thus, it is conceivable that the
overall chamber size and therefore, weight, could be reduced for a fixed-
thrust application using the RDWE. This observation is only postulated
and has yet to be verified. Actually, because of the high temperatures
associated with the detonation waves, heat transfer rates in the chamber
of the RDWE are about equivalent to those measured in the throat of the
conventional rocket thrust chamber, For structural containment of the
high pressure and thermal loads associated with the RDWE concept, a
heavier structure may be required, thus possibly negating weight savings
realized by the smaller chamber size. A complete system analysis would
be required to determirne if any real savings in weight can be obtained.
Because of the current exploratory nature of the concept, such a study

has not been conducted.

Some advanced engine concepts currently being pursued include an
annular chamber configuration with compact packaging of conventional
rocket engine components. Since the RDWE uses an annular chamber, it

should exhibit the same packaging benefits.

During the period from June 1962 through January 1964, the University
of Michigan conducted an AFRPL-sponsored program to investigate the
feasibility of the RDWE (Ref. I-32). This program included several sepa-
rate studies pertinent to the feasibility of a detonation device. These

studies and reasons for them included:
1. Detonation in a two-phase medium. Steady propagation of a

detonation wave in a gaseous-liquid droplet environment had never been

attempted.
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2. Detonation at low temperatures and high pressures for gaseous

mixtures of hydrogen and oxygen. Some propeilants of interest would be

cryogenic, and hence, properties of detonation in the hydrogen-oxygen

envirnnment were important. ]

3. Heat transfer associated with the detonative process. High

wall heat transfer rates were expected. -

4. Detonation in curved partially confined channels utilizing pre-

mixed hydrogen and oxygen. Using this geometry a detonation wave

traversed an annular combustion chamber attached to an annular

exhaust nozzle,

5. Detonation in annular and linear motor configurations with

separate gaseous fuel (hydrogen and methane} and gaseous oxidizer

(oxygen) injection. Experimental results from an actual RDWE wers

essential.

6. A simplified analytical model of the idealized gas dynamics in
the annular chamber of the RDWE., Approximate theoretical analysis of

the gas dynamics of the RDWE was necessary to assess potential scaling

factors and motor performance. From the University of Michigan studies,

the following major conclusions were drawn:

a. The droplet shattering process is of extreme importance in

stabilized two-phase detonations. It was indicated that detonation waves
in a heterogeneons medium could be expected only if either the drops are
very small (less than 10p) or if convective velocities behind the shock

can shatter the larger drops into very small drops in a very short period

ol Wi S

of time (on the order of 10K sec).




b. Experimental detonaticn velocities at high pressures and
low temperatures are more rapid than those predicted theoretically.
This information is important in that it has a st’i‘ong influence on the

maximum pressures realizable in the engine.

c. Theoretical heat transfer to the wall of the RDWE is of the

same order as it is at the throat of a smaitl conventional rocket motor.

d. Detonation velocities in curved, partially ¢. nfined channels
suffer a degradation of about 7 percent compared to detonations in straight,
confined tubes (using hydrogen and oxygen).

e. Although a sustained detonative process was not achieved in

the experimental motors, it was concluded that nothing fundamental pre-

vents this accomplishment. Great difficulty was experienced in getting
the wave tomove in-only one direction, and success was never achieved
in obtaining continuous rotation after the first cycle. The reasons for

this were believed to be among the following:

(1) Severe attenuation due to the discrete injection pattern
{2) Insufficient mass flow rate into the motor
(3) Continuous burning after the passage of the first

detonation wave

In support of this last reason, the investigators found some work by the
Russian, Voitsekhovsky, in which he successfully obtained detounations in

an annulus using premixed recactants.

f. As a result of the analytical ctud.es, no significant change
in the =ea level Isp using the RDWE over that achieved with conventional

rockets is expected. .




No additior ¢ -~ on the RDWE has been conducted since the

expiration of t1  T.-aversity of Michigan program.

e

Shertcomings: The RDWE concept is essentially unverified and still in
the early exploratory stage. Critical technology needs involve programs

to:

] o ot 0 o oYt 1k »mmw»\w‘.\u:\ !

1. Define the feasibility and limits of propagating detonation waves

in a liquid/gas and liquid/liquid media.

2. Demonstrate thhat the RDWE motor concept is capable of sustain-

a0 s i 14 s )

ing repeated detonation waves in a2 controllable and predicteble rmanner in

an annular combustion chamber containing the types of environmentail

AT 1 N RN

media discussed previously.

iy

Conclusions:

1. The RDWF. concept is feasible but would probably require 10 years

to develop.

i

2. The concept offers little benefit over currently available propul-
sion and should not be pursued. Altncugh cases of combustion instability
are still not well andcrstood and prediction techniques need to be improved,
there are ways to handle the problem which were not available in 1962-1964,

during the era of the RDWE.
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Title: Detonation Propulsion (Solid or Liquid)

explosions exterior to the vehicle for thrust,

propulsion system.

detoration of a thin layer of explosive to propel a payload.

sive design could u

wafers of attenuating material.

base material which supports the payload.

then propel the payload,

Aralysis: The use of controlled explosions to |

explored in many fields.

The next step is to extend the use of *his technique to

payload systems into space.

the order of 100,000 to 1 or greater could he achieved.

practical means of attaining these ratios have been ¢

has been vostulated that the use wf coummon cxplosive.

Concept: Detonation propulsion uses the energy released from sequential

Attributes: Some of the potential advantages for detonation propulsion are:
a 50 percent increase over conventional propulsion systems in delivered
specific impulse; the development of an infinite staging solid propulsion
system; built-in aititude compensation; optimum performance capability

in a kigh-pressure cnvironment; and a significant cost reduction for the

Description: The detonation propulsion concept is based on using the
A solid explo-

1d utilize a system of alternating explosive wafers with
A liquid ¢xplosive concept could utilize

a system which cjects a thin film of explosive over the . 1.t plate or
Sequential detor ations would

ropel objects has been
Fragmentation bombs, pite drivers, mining
core drills, and squib-actuated cable cutters are ex mples of current

applications using the detonaticn propulsion priaziple te & limited extent.
¢ transport of

It has .ong been known that chemical rocket propulsion could be used

to deliver substantially increased specific impulse if expansion raties on
To date, no

levised, However, it

a=opulsion
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might be a method of obtaining very high pressure differentials and, in
turn, increasing the delivered specific impulse. The pressure differentials
will pose no problem since pressures of 3 to 7.5 million psi are common
to conventional explosives. The problem then is to obtain the performance
increase and devisc a practical means of isolating the payload from the
impulsive lcadiug of the detonation shock wave. Preliminary analytical
and experimental studies have been conducted to test the feasibility of the
performance increase. No firm conclusions have resulted from the pre-

liminary work because there was a wide divergence in the data obtained,

In late 1969 and early 1979, Aerojer General Corporation measured
the velocity of a steel projectile that had been propelled by the explosive
E1.-5356-C (Detasheet}. Although the data exhibited considerable scatter,
specific impulses as high as 350 seconds were calculated. Additional com-
puter analyses using a one-dimensional hydrodynamic code and low
explosive-to-projectile weight ratios indicated obtainable specific impulses
up to 360 seconds (Rei. I-33).

£ iy sics Internalional Corporarvion, under contract to the AFRPL,
coud. icd an analytical stady of the detonation propulsion principle using
both conventional sclid and liquid explosives. Using a one-dimensional
computer code and low explosive-to-proicctile weight ratios, Physics
International predicted specifiic impulses in the low 200-second range.
They also conducted an independent experiment in which steel blocks were
bonded to cne side of an aluminum sheet with Detasheet borded to the o.l.er
side. The explosive was detonated and the restltant velocities of the blocks
measured. The computer calculations and the experimental measurements

agreed to within 5 percent (Ref. I-34).

The A¥RPL conducted similar experimq.‘nts_ using Detasheet to propel
steel blocks horizontally. The data exhibited low %peci{ic impulses

ranging from 150 to 200 seconds (Ref. I-35).

1-66
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The reason for the wide divergence in the Aerojet and Physics
International results is unknown; however, one major difference exists

in the computer codes used to calculate the projectile velocities {which
are directly prcportional to specific irnpulse): Ae-ojet used kinetic
energy and Physics International used momentum. Further uncertainty
is added by considering experimental data generated by Aerojet in an
AF:PL-sponsored study of the detonability of solid rocket propellants.
One experiment was designed to determine the detonation initiation thres-
hold as a function of impulse imparted to RDX-adulterated propellant

Aluminum plates of various weights were propelled toward the

samples.
The explosive was partially corfined

sample by detonation of Detasheet.
The velocities of iuz aluminum plates were meas-

by a steel back plate.
ds were calculated for

ured and specific irnpulses from 150 te 44
explosive-to-plate weight ratios of 1.4 to J. 18, respectively.

Even if the performance of explosive propulsion is found to be less
:than that of conventional systems, situations exist where overall systiem
performance improvement can be achieved or where such a propulsion
system may be the only sysiem that could perform a spe ific mission.

One such exaniple is the use of "inlinite staging' where only the payload

remains after the propellant is expended. In a system where the payload-

to-gross weight fraction is 0. 42, an infinitely staged system with a
specific impulse of 130 seconds will match performance with a solid rocket

motor with a specific impulse of 240 seconds.

‘A mission with a requirement for the propulsion system to exhaust
irto a high-pressure environment would be a potential application for
explosive propulsion. For example, it is unlikely that conventional rocket

propulsion can perform a retro-fire function for a Venus soft landing

where atmospheric pressurcs may be very high. Possibly explosive pro-

pulsion could perform the task.
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Assuming that the specific impulse delivered by detonation is greater
than that which conventional rockets deliver at sea level, the built-in

altitude compensation due to the high pressures of the detonation becomes

o 0kt 0 U 0 it

important. This advantage would lead to performance th:oughout the 4

plicen o it e

entire atmosphere that would approach that of a vacuum.

’

Shortcomings: Some potential disadvantages or problem areas associated .
with detonatiou propulsion are: (1) no increase in delivered specific

impulse has been observed, {2) unconventional chemical rocket techniques

have not been developed for initiation of liguid or solid explosives on

rockets, (3) for liquid detonation rockets, the injection system is extremly
complex, (4) adequate means for attenuation of the detonation shock to the
spacecraft structure and payload have not been developed, and (5) there

are stringent design requirements on the guidance and control system for

e 4y

) a detonation propulsion sv tern.

Conclusions: The concept of propelling a payload by sequential detonations

of an explosive has not been adequately investigated. The limited activity

in this area has concentrated on establishing performance data and the

results have not been-conclusive.

Recommendations: Further effort is required to resolve the performance

question. Parallel investigations should be undertaken to understand the

1, i gl EAR i e 5 i B A

mechanism of impulse transfer, the optimum geometry of the explosive/

g base mate rial interface (todate only a flat plate has been considered), the

e S———

most efficient type « .nitiation, infinite siaging techniques, and candidate
base and attenuator materials. If demonstrated performance continues to

be lower than conventional rockets, the effort should be discontinued.
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Title: Water Launcher (Ref, 1-37)

Concept: The water launcher system uses buoyancy forces as a means of

imparting an initial velocity to a rocket vehicle.

Description: The concept envisions a long water-evacuated tube submerged
vertically in a body of water. At the bottom of the tube in contact with

the water is a piston platferm on which is placed the rocket. At launch
time, the piston is released, and the rocket and piston are accelerated
upward by the pressure forces on the bottom of the piston. At the surface
or point of maximum velocity, the rocket would be ignited and complzte

its rnission,

Analysis: Two different variations of the water launcher concept will

be considered. The first is a "constant length tube, " into which water
flows at the bottom only. Analysis of this approach indicates a limited
payoff due to the accumulated large mass behind the piston of water which
must be accelerated. As an examgple, if a 1000-foot-long tube, 90 inches
in diameter were used with a 75, 000-pcand missile, the maximum velocity
obtained would be slightly under 170 ft/sec. Also, tnis velocity is reached
long before nearing the surface., The ccnstant-length tube is illustrated in

Figures [-12 and I-13.

The second variation is a "variable-length tube. " This approach
eliminates the necessity of accelerating ¢ large mass of water bzhind the
piston. Accordingly, some technigue must be used to allow waier to enter
the tube at a point directly behind the piston to maximize acceleration.
This might be accomplished by staging the tube (dropping off portions of
the tube), allowing the piston to trip gates that would admit water after
the piston passes, or consuming the tube in some other fashion. Using
a solid propellant ICBM with an ideal AVof 28&, 500 {t/sec. the variable-

length tube 90 inches in diameter accelerates the 75, 000-pound vehicle
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from an initial depth of 1000 feet to a velocity of about 1101 ft/sec at the %
water surface. This initial velocity provides a gain in AV capability of %
3.85 percent. This roughly translates into a 5.8 percent gain in payload %‘
» ==
or an 1ll. 5 percent gain in range. The obtainable velocities for other iff‘;;
initial launch depths are shown below in Table I-9, i;z—z
TABLEI-9. OBTAINABLE VELOCITIES 3
;;E%
H (feet) V (ft/sec) E
- - 2
100 110 E:]
500 551 x|
1000 1101
1500 1651
Note that in the above example the gain in AV capability is about 4 percent =

bl

of the total AV assumed ior the hypothctical missile, The AV capabilities

bkl

[
i

of various stages on the three-stage ICBM may range from 25 to 45 percent

of the total system AV ., Thus, water launching does not aprear as a means

for elimination of a stage. Also, neither drag nor buoyancy forces on

the tube were considered in the analysis.

Shortcomings: It has been shcwn that only a "variable length tube _1ves

Av gains of suificient magnitude to warrant any development et.u Tube
construction to withstand the pressures at 1000-foot depths and the : ‘
tendency of the tube to float as a result of buoyancy forces require

scme thought, Perhaps the worst design problem is developing the technique

that allows the influx of water behind the piston to approach the ideal

situation. In addition, because of high accelerations, the missile system

may have to be structurally reinforced for use with the water launcher.



Conclusions: This concept appears feasible and could probably be devel-
oped within 5 to 10 years. Because no specific design was envisioned,

development and construction costs are unknown at this time.

Recommendations: This idea should Le given to some other labor~tory or

ag mcey.
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CHAPTER I-4, SUMMARY FOR PART i

The various chemicals and propellant combinations studied in the
previous chapters serve to illustrate that there are indeed liinitations
imposed by the available chemical energy. It appears that an ideal specific
impulse somewhere between 700 to 750 seconds may be the maximum
limit of chemical energy. However, the conventional use of a nozzle to
accelerate gases automatically imposes a 20 to 25 percent degradaticn in
this specific impulse limit. To avoid this performance loss and approach
the ideal specific impulse, chemical rockets must operate at pressure

ratios above 10 5.

The development of ultra-energy compounds for propellants does not
appear to be a rewarding endeavor within the curren? capebi’'ty of chemical
synthesis. Past experience has shown that storage of energy for release
by methods other than the breaking and combining of chemical bonds will be
very difficult. The development of me.astable species does not appear
proemising. If ultra :. gy compounds can be synthesized in sizeable
quantities, the work ¢. 'd take 20 or more years. Some work for more

near-term use might be considered using ozone.

The study of new system approaches appears to be the most rewarding
area in which advances to conventional chemical rockets may be achieved.
Various studies indicate that small changes in propulsion system parameters
such as mass fractioas and Isp may provide significantly increased mission
capabilities. In fact, even at the expense of Isp, increased mission
performance may be obtained by radically modifying system concepts and
configurations (i.e., infinite staging, nozzleless and caseless rockets, and
detonation propulsion). Although the system concepts that were studied
illustrated that significant advances might be obtained, none of the "deas

reported here showed outstanding potential in their vresent form.
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To summarize chemical rocketry, it is not anticipated that the desired
quantum increases in pe~’ ~~ance or mission capability will be achieved
by exploration of new high-e..« zgy chemicals or the design of new chemical
rockets along the lines of conventional technology. Radically new
apprcaches for the use of chemical energy are required to provide

revolutionary advancements in rocketry.
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PART II
NONCHEMICAL PROPULSION




CHAPTER II-1. THERMAL PROPULSION

The:-concepts included urnder thermal propulsion. géﬁéraliy heat-a
working flui,ciffor' thermodynamic expansion tf;‘fough a nozzle*, Although
variations of-several concepts such-as the pulsed laser fusion éngine do
géit fall within the strict definition of a thermal propulsion system, it was
judged that-these concepts had more in.common with thermaul systems than
field, photon or unique é’ys.‘.e’fﬁ_s. Thermal systems are in general, an
égtenéibh 6f:_the i)finciﬁieéfé;piilied;io the utilization of chémical energy in
conventional rocketry,

*Traditional:chemical.production:of thermai-energy was treated in
Part [-of this report. "This chapter treats of other-thexmal energy-sourles.
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_Title: Elecirothermal Propulsion

Concept: Electrothermal propulsion comprises those iéchniques whereby

a iiropellai’nt gas is heated electrically and then thermodyramically expanded

through a nozzle to produce thrust,

Attributes; When compared to other thermal prupulsion systems,
electrothermal thrusters offer the -advantages.of b1gh specific impulse;

simple, reliable design; low cost through tiie dse of iner -ensive, non-

stratégic mateérials; life and restart capal-ility;.and selection from a large

nurmiber .of -propellants. -

_In addition, the advantages of electrothermal thrusters over
Zerapetitive électric propulsion- systems include low power-to-thrust
fatios and:thé capability to use a variefy of propellants including residuals

from othef large thrust efigineés.

Description: Electrothermal propulsion encompasses all techniques
Whéregy a gﬁ‘)pgllant gas is heated eletrically and then thermodynamically
expanded tﬁféugh a nozzle to produce thrust., Fhysically, there are many
'substaatislly different electrical means .or heating the propellant flow.
*‘The techhi_ques used most often include resistaﬁce elements, arc
,:di‘schagg_'es,— "elec‘:t‘r;bde’leas discharges, and high-frequency excitation
;(Rgfg 1I-1).

Only three systems warrant consideration as serious propulsion

/,caoivcepts;"(l’}f the thermal decomposition resistojet., (2) the high

. ,ggijxperatuie resistojet, and (3) the thermal arcjet. The {irst two systems
- are fundamentally very similar devices. They transfer the electric
“i.: pbwer-to the propellant through a solid resistance element. The thermal

: :’ri;éqoi’npi;siﬁgn resistojet (Figure II-1, page II-4) utilizes either anexterraloran




internal resistance element to heat hydrazine fuel to the point of exothermic

decomposition. The high-temperature resistojet (Figure 11-2) by continued
heat input creates temperature in the range of 3000° to 4000°F. To minimize
the heat transferred to the chamber walls, the high temperature resistojet

generally uses an internal resistance element.

The arcjet is an electrothermal device that produces a propellant flow
whose jnterior gas temperature is higher than the melting temperature
of the chamber walls. This is achieved by passing an electric arc through
the propellant, leaving a cooler layer near the chamber wall (Ref. II-1).
The highest performance has been demonstrated by the '‘coaxial flow
arcjets" in which the propellant and arc both pass through a narrow
constrictor passage (Figur.:e 11-.3). This design produces the highest gas

‘téemperatures and the lowest heat losses (Ref. 11-2).

éﬂa,ly sis; Historically, the first electric propulsion concepts to be
developed were electrothermal thrusters. These devices received much
emphasis during the early 1960's. These systems, including the
resistojet and the arcjet, were directed toward kilowatt and megawati
space systems application. When it was realized that these large power
supplies would not be available, electrothermal propulsion was
deemphasized, The development of the Shell 405 catalyst in 1963,
permitting the design of catalytic hydrazine thra: cers for space propulsion,

ended much of the elecirothermal research.

The niost serious departure of electrothermal thrusters from the
ideal models used to describe them arises from the strong temperature
dependence of propellant specific heat and the inability of these gases to
maintain internal energv equilibrium during the rapid expansion through
the nozzle (‘'frozen flow'" losses), This problem not only influences
thruster design but plays a major role in propell.nt choice. The major
problem of electrothermal thruster development has been the reduction of

such "frozen flow' losses as vibration, dissociation and ionization (Ref. II-1).
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Figure II-1. Thermal Decomposition Resistojet (Raf. 11-6)
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The final selection of an arcjet-propellaat is based primarily on
frozen flow and specific impulse considerations. However, other consid-
-erations such as power requirement, propellant 'ensity and-space

storakility may modify provéllant selection, especially for resistojets.

Although hydrogen is attractive because of its high theoretical
specific impulse anG-helium for its iow frozZen:flow losses, these
propellants present severe space storage problems and 1~ ~k_high-density
(sec-Figure 1I-4). Ammonia is attractive from a%ﬁé;i;é:ﬂo;ﬁabiiity
standpoint, and-its thecreticai specific impulse is not far below hydrogen,
A;j:hdﬁg@?hy@i‘afzihe ﬁszﬁé)’éhaéfa theoretical §pe6iﬁ<‘: impulse s’Iigﬁtly 7
lower than-ammonia, its e}.otherng;(. decomposn:mn gives it a- s1gmﬁcant
PSWGj: -advantage ovér -other propellants; - -An: exhaust tempez: Aiure- of
2‘506@ \Isp -0f 245 seconds) is-ésséntially "free" with: hydrazxne. )

Hydrazine's iost important advantage is.commonality with prope]l ants

used in other hi gh thrust propulsmn systems ab/_ard satelhtes. in

rmaneuvers-can he used-to extend the hfet1me of the attﬁude control and
st,at;onkeep;pg ~,el»ec;t,rot/herr_naf@ -propulsion_ systems. ggotlxegia_\"vgntage of
hydrazine systems is thatthe clean.exhaust:mixturz.of arnmonia, hydrogeén,
and nitrogen eliminates contamination -of sfacecraft su¥fuces (Ref. II-3).

Thermal-decomposition resistojets in the one to ¢ne~hundred millipound

thrust range require less than five watts of power to maintain wall
ternperatures-of 1100°F (Ref. 1I-4). This temperature is sufficient to
initiate and maintain the exothermic decomposition of hydrazine ir the
céx‘nbusﬁo‘iy chamber at.a power cost well within the brudget generally
available for-satellite propulsion. The external resistance element design
is-the-most reiable; and lifetimes of over one million pu}.sés have been
demoristrated (Rex. 11<4), A quick puise response time and low thrust
level f;iqafnce minirmum ‘impzlsé bits on the order of 10'3' Ibf-seconds..
This-makes el,ecéroiheft};af{ﬁi‘i;sters ideal candidates for attitude control

’ Sys!;efns <




CAmbLE_ S

Figure II<3: Core-flow Pattern ina Constricted-Arcjet:
{See Ref 1I-1)
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To-éxtend resistojet performance into *h’e"hi;g'i)-tempei';atiife’i‘i@ngé, -
the-externral resistance élement must b abandoned in. favor f—efifixifei'hé'l?
-heater; This design attempts to-minirize fha problems assocxated w;th
‘heat transfer tfrom the reslstance element to the -gas stream, radxatxo‘/

losses from the-thrusiar; agd— heq,t -,tgagsfe:~§o the-chamber —w,allg—,_, How-

-ever, the irternal huater design subjects the resistance élement to a

severe-aero-thermal environmert which-is a serious problem affecting

thruster 1if». Hydrazine-fueled,. hxgh-temperature res:sto_]ets offer a.

e51gmf1c:.x“1\, iyher specifie 1mpulse {350.to 400: seconus; at moderate
poweér levels, In the»‘,or}e—:to-ongg-hugd;eg m 1111pound thrnst “ange, ’
power=to-thrust ratios below: 5 iv;iatti‘;"]n:xﬂhponn are attamable and»con
;:tent with power budgets av:nlable for near-term-sate _ 7 )
»propulsmnﬂ In th1s hxgh-temoefa’ture (3000 to: 4000 F) rez,lme. hydrazme
—propellants offer the same: advantagés prewously mentmned As Table-Il=1

demonstrates, ammoma resisic Jets with margmally hlgher spec;fzc

_impulse: requxre two and -ones half tlmes as ‘much: power as comparable

hydrazme fhrusters.

The mejor 'lifeaii;nitin‘g} factors.-of hydrazine resistojets appear to be
—m;i?:i'ialsa‘,gidfpfopel‘ié.nt putity. The injector and combustion chamber
must be constricted-of fnaterials which resist the severe nitridisg
7 enﬁi‘dn_méiit and maintain structural integrity for thé mission duration.
V»Ang—nqn-vciiatilercorfnponentg in the propellant (primarily chlorides of
soéiii.tmf, caléium, potassium or iron) may be depbs‘ited on metal surfaces
of the Cngme. Although i1e combustion chamber can withstagnd fairly
/ _,ig.arge accumuiauons, non-volatile deposxts can cause m_;octor blockage
'and reduced performance. Carbun-contammg cornpounds in the propellant
;ceuse swular result Because of carbon contamination, high-purity
If carb‘oii-conté.mihatiénzprobleihs can b
‘ehmmated a range-of lngher spec1f1c impulse propellant blends cons
7tammg carbon will be available foxr use in resistojet thrusters. Such
<:propellunts as unsymmetrical dlme‘hylhydraz.me (UDMB) and- monome-
thylhydrazme (MMH) could be used in common with- other mgh thrust

bxpropellant engm--.
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2. Although they require only moderate power in the one to
one-hundred millipound thrust range, scaling to thrust levels in excess
of one pound required power levels far in excess of that normally

allocated fo. propulsion,
3. Although material compatibility is not a current problem for
nydrazine resistojets, it may afiect the attainment of lifetimes in excess

of one million pulses.,

4, Carbon and nonvolatile propellant constituents may contaminate

engine components and decrease lifetime. Unless a technical breakthrough

in engine design occurs to alleviate this problem, significantly longer
lifetimes ma; only be gained thrcugh the use of extremelv pure hydrazine

fuel.

The thermal arcjet suffers three basic shortcomings:

1. The arcjet's application is constrainad by the severe frozen flow
losses encountered at specific impulses above 1000 seconds using 1els
other than hydrogen. These losses generally limit the arcjet to a narrow

performance range.

2, Electrode degradation is a2 severe life-limiting factor.

3. Electroragnetic noise emitted by the arc may affect on-board

electronics and communications.

Conclusions; Thermal decomposition resistojels offer significant life,

reliability and pointing accuracy in che 1 to 100 millipound range. The
high-temperature resistojet offers a hig..2r specific impulse. Although
both resistojets have moderate power requirements, they are of interest

only for near-term attitude control and stationkeeping applicaticns.

1I-10
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The thermal arcjet is of interc(st only in a narrow performance range.
Only a major breakthrough in eagine design or propellant technology that

significantly reduces the frozen flow losses could extend this performance
range. A more promising alternative is the development of the electro-

magnetic arcjet,

Recommendations: Both the ther:nal-decomposition resistojet and the high-

temperzature resistojet appear very attractive for near-term, low total

.mpulse missions. Current development efforts in these areas should be

monitored with periodiv evaluation as propulsion candidates for appro-

priate missions. The most significant questions remaining unanswered

pertain to lifetime limitidions resulting from nitriding and engine
However, these

Additional

contamination by nonvolatile propellant constituents.
problems do not need solutions to meet present requirements.
work should be done to reduce carbon contamination problems which now
eliminate UDMH and MMH from consideration as propellants.

major technical breakthroughs, thermal arcjets do not appear to be

Barring

promising area for future developments.
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Title: Nuclear Propulsion (Fission)

Concept: The heat released in the chain reaction of a nuclear reactor is

used to heat a working fluid, which is exhausted through a nozzle to

produce thrust,

Attributes: The potential performance of nuclear propulsion concepts
indicates that they may be applied to a wide range of missions. Further-
more, system and mission studies which have been conducted indicate
that nuclear engines will outperform chemical engines over 2 wide range
of operating conditions. They are especially attractive where high AV,
large spacecraft and multiple use are required. As the developments of
nuclear rocket engines progress, higher performance will be available to
mission planners., This fact is due to potentially high specific impulse at
thrust levels belween 10,000 and 1, 000, 000 pounds, and flexibility in
engine design. The attributes of each class of engine over those of

lower performance are:

1. Solid Core

High Isp

5 to 10 year mission life
High controllability
Storability

Ea.rticle Bed

High isp

High thrust-to-weight
Simplicity

Growth potential

Core can be re-supglied

Core can be dumped overboard

Gaseous Core

High Isp
Total fuel containment
Core <an be re-supplied

oo sy S i

e '




Description: This report will consider only those systems in which the
thermal energy of the reactor is used to heat a working fluid which is
exhaus*ed through a nozzle to produce thrust. There are several ways of
accomplishing this, each with its unique advancages and disadvantages.
The evolution of nuclear rockets, in terms of specific impulse, suggests

the following as the most promising concepts,

1. Solid core nuclear rocket engines: In engines of this class, the
reactor is comprised of a solid bed of uranium-rich fuel material
surrounded by a reflector for neutron conservatiorr. The propellant is
pumped arcund the engine for cooling, and through the reactor core which
has flow passages designed to transfer the maximum amount of heat to the
propellant, After exiting the core, the propellant exhausts through a
nozzle, This type of engine has been extensively developed in the NERVA
program, using gaseous hydrogen as a propellant, and in the PLUTO

program, using air as a propellant (Figure [I-5).

2. Particle bed nuciear rocket engines: In order to increase the
performance of a nuclear c¢ngine over that of the solid core device, it has
been suygested that the reactor core be constructed of small fuel pebbles
which offer a greater heat transfer surface to the propellant and suffer
less severe thermal stress loads. The pebble bed is fluidized by ihe ‘low
of propellant through it. To counteract the force exerted on the pebbles
by the flow and prevent them from leaving the core, the bed itself is
rotated so that the centrifugal forces on the pebbles counterbalanace the

drag forces. Such a pebble bed s said to be {fluidized (see Figure [1-6).

Tvwo reactor concepls are currenily under consideration. The
Air Force Aerospace Research Laboratory is working on a rotating bed

composed of colloid or micron-sized particles suspended by the vortex

flow of the propellant. Brookhaven National Laboratory is examining a

i e e 1 kel

W

b yoh o

L,
ik 4] il oy




te———
SO | L LI
I ' .

WU L S o Woga e that Ly R A
" v P §i
t ' l

y

surBury 1900y aeafdnN 210D PIOS IO sTjewWaYds *g-JI 2andLy

e ————

SINIGYNL— — SIATWA T04IN0D

Sdwnd TWOHQ 04INOD Y0103 31ZZON
i
\
m
,i <t
D
=
G
;m
K i
4 &
: L GIATVA INVTI3dO¥d ¥O10YIY i

\
L— 3NV INYTI3d0Yd







reactor bed which is suspended in a metal drum rotated by a motor. In
both cases, the heated propellant passes through the bed before exhausting

out the nozzle.

3. Liquid core nuclear rocket engine: The solid and particie bed
engines are temperature limited by the melting point of the reactur core
and the pebbles. It is possible that even higher performance can be obtained

by bubbling hydrogen gas through a core of molten uranium fuel.

4. Gasnous core nuclear rocket engine; The gascous core engine
concept has the highest performance potential. In this engine, fuel would
exist in a gaseous state at extremely high temperatures. In order to pre-
vent loss of the gaseous fuel from the engine, it was deemead necessary to
keep tha fuel and propellant separate. Thus energy is transferred to the

propellant primarily by radiation.

Two gaseous-core concepts are currently being explored. United
Aircrait is the prime investigator for the '"auclear light bulb", in which
the gaseous uranium is separated from the propellant by a solid wall of
fused silicon which is internally cooled. The Lewis Rasearch Center is
exploring the coaxial flow reactor in which the propellant flows around,
but not through, a central region of gaseous uranium before exhausting

out the nozzle.

appeared first in science fiction stories during the early 1920s, shortly
after the realization that nuclear transmutation processes were possible
and might yield energy. A typical fission reaction of uranium 235

releases 200 Mev of energy; 167 Mev in heavy fission fragments, about

15 Mev in neutrons, plus gamma and beta radiation. The kinetic energy of

these fission fragments is converted to thermal energy by collision with
the surrounding 1aediumi. When a fission chain reaction is sustained by

using enough uranium (critical mass) such that the neutrons emitted in a
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reaction cause more than one additional uranium nucleus to undergo fission,
the surrounding medium is heated. This medium then acts as a heat source
for the circulating propellant which is, in turn, raised to a high temperature.
Since the energy of the engine is not dependent on the working fluid,

any propellant such as air, methane, ammonia or hydrogen which is
compatible with the reactor may be used, For example, if high specific
impulse is desired, hydrogen may be used as the propellant. This adds a
great degree of flezibility to system design. Although nuclzar rockets are
not a new concept. their development has proceeded to a point at which

their possible application should be examined in light of present and future

mission requirements,

Nuclear energy may be converted to propulsive thrust by many
mechanisms, Direct utilization of pulsed nuclear energy was considered
under the code name "Orion' and, although techmically attractive, proved
to have significant political liabilities. Conversion of nuclear energy to
electrical power for use in conjunction with ¢ lectrostatic, electrothermal

or electromagnetic propulsion devices has also bzen suggested.

In order to deal with each proposed nuclear propuision device,
e¢ach will be considerad separately. Table I1-2 indicates the potential

parformance of each system considered.

1. The solid core nuclear engine has evolved from a broad base of
theoretical and development effort. Work on the NERV.A engine was
begun in 1956 and in 1958 was taken over by the newly formed National
Aeronautics and Space Administration. Most of the work was performed
by the Los Alamos Scientific Laboratory, the Aerojet-General Corporation,
and Westinghouse Astronuclear. The Nuclear Engine Technology program
was completed in September 1969 with the testing of an « xperimental
engine which demonstrated stable performance over a wide operating

envelope, restart capability, startup at low tank pressures and engine
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controliaxility withoutnuclear instrumentation. The principal design

soals of a flight configuration have since been proven feasible by an
extensive testing program which has shown the NERVA engine to be flexible,
stablz, safe and reliable (Ref. 1I-8). If desired, an engine could Le

prepared for flight testing by 1978,

Work is currently under way at Los Alamos to dzvelop fuel materials
which will significantly improve the performance of the solid core nuclear
rocket., The development of high-temperature carbides, based on UZrC
technclogy may produce fuels capabie of giving a specific impulse near
1000 seconds.

2, Particle bed reactors offering significant increcases in performance
currently appear to be the logical follow-up to solid core engines. Two

concepts are currently being pursued,

Flow studies have been conducted at Brookhaven National Laboratory
on a dust bed reactor simulating the suspension of small-diameter uranium
fuel particles supported ;vithin a porous cylindrical container. The reactor
is rotated to hold the particles in place by balancing the drag forces with
the centrifugal force. Flow of hydrogen would be radially inward, implying
that the rotating machinery, bearings, shafts, etc. can be kept at a
reasonable temperature. This fact, coupled with an expected rotational
speed « { less than 3000 rpm, indicates the concept should be mechahically
feasible. Work on this engine has indicated that stable flow conditions
can be achieved in a rotating bed. Thermal and nuclear problems seem to
be amenable to solution, and moderate engine size and weights appear
feasible (Ref. 11-9).
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Work done at the Air Force Aercspace Research Laboratory (AFARL)
indicates that a bed of colloid size (1 micron or less in diameter) particles
may be retained at critical mass in the reactor by appropriate vortex flow
of the propellant. Preliminary studies indicates rno inherent roadblocks to
the developinent of such an engine (Ref 1I-10), and a follow-on study is
being funded by AF¥ARL and the Air Force Rocket Propulsion Laboratory
(AFRPL) to determine more precisely the tradeoffs involved in reactor
criticality and thrust-to-weight. The development of colloid-sized

paiticles for solid oy particle bed reactors will require a more complete

understanding of the fuel loss mechnisms from the high-temperature

carpides under consideration.

3. Liquid core nuclear engine research has been, for all pratical
purposes, term.inated due to the engineering prchlems involved in bubbling
a hydrogen gas through a stable bed of molten uranium. The high potential

perfermance of gaseous core reactors makes research in that area more

desirable,

4, United Aircraft Research Laboratories is currently conducting the
most extensive work on the '"nuclear light bulb' gaseous core engine
concept. Current work is aimed at understanding the mechanisms of
interaction between the uranium gas and the fused silica wall which contain
it, as well as understanding the heat transfer mechanism involved. The
results obtained to date have been encouraging. Based on the analysesand

experiments conducted to date, this concept appears feasible (Ref. [1-11),

A "coaxial-flow" gas core engine concept is being studied in a
nrogram at Lewis Research Center (LeRC). Work by LeRC, Douglas -
Research Labs, Georgia Institute of Technology, and United Aircraft
Research Laboratories has shown that seeded transparent gases can be
heated by thermal radiation, Current work is aimed at determining a

proper tlow field for maximum separation of fue! and propellant. Recent
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developments with gurved cavities and gas -injection through a porous

material have yielded promising results in terms of separation (Ref. 11-12).

» : e - . ; - ; . = f -u . ,‘ - _
Shortcomings: The principal shortcomings of nuclear ficsion enginesx are

their high devzlopment costs and long lead times due to the fact that

nuclear reactor technology has not yet been operationally proven for use

in a vehicle, Experience gained m the NERVA and PLUTO engine develop- 7
ment programs, as well as the extensive analyses which are being
performed by NA3A on the operational requirements of a R2usable Nuclear

‘Shuttle shouid lessen these difficulties.

In addition, nuclear radiation which poses a potential hazard to
equipment and personne! must be taken into consideration in system design.
Escaping:fission products may poae a sufficient danger to the biosphere to
preclude atznospheric use for all concepts- but the nuclear light bulb
which emits no contaminants. Reactor cores may he designed so as to
minimize nuclear contamination, such as- was done in the PLUTO progran.
Shielding of on-board systems adds weight to the engines, which in general

makes nuclear engines heavier than chemical engines.

Finally, the necessity of using some propellant to cool the engine
after shutdown may lead to a degradation of Isp from the high values

xpected. Nevertheless, specific impulse would still be attractively higk.

Conclusions: Many of these shortcomings associated with nuclear
propulsion are amenable to engineering solutions, and none sufficiently
impair performance o rule out.the use of nuclear fission engines. A need
exists to show a sufficient economic benefit to warrant the development
costs and effort required to overcome the hazards associated with nuclear

devices.
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Nuclear fission rockets offer large performance gains over chemical
rockets, especially where high AV, large spacecraft and multiple missio .

are required. Because of their unique features (high Isp, choice of

prgpeﬂant, and long life) nuclear engines offer a high degree of flexibility

to mission:planners. For example, missions reguiringa AV greater than
3C, 000 feet per second and fast response time meay not be achievable

without nuclear engines.

The development of technology for nuclear rocket engines is well
ander way. A solid core engine cculd be operational by 1978. Advanced
designs could foilow as mission requirements becomc more seveire, The
most pressing prcblem is political. Potential users seem hesitant to
turn to nuclear engines, even with their greater performance, because of

the uncertainties invoived in going to a new energy source.

Recommendatmns- Because of the 'ong lead times necessamly reqmred

w1th any new technological development, such as nuclear fission rocket
engines, effort should be made to stimulate thinking in the Air Ferce to
dx.f ine space propulsion requirements for the 1980 to 2000 time p;riod
Imagmatwe uses of nuclear engincs should be investigated. However,
certain factors invlicate that nuclear rocket development should be continued
wifhout specific applications in mind. There are presently several
alternative design options being explored, well-defined technological

raileatones to be met, and a trained manpower supply available,

When related to present and near-term Air Force missions, nuclear
rociets offer significant advantages. These include the ability to deliver
large payloads to high or syncbronous orbit and return, m=2ke large plane
changes, operate for long times, stay at & station for years before use,
and.operate with air as a prgpellant. If a requirement materializes for
operation in near-earth space on 2 continuous basis for many years the

7 dév‘elqpment, -of nuclear engines could be the most efficient .nethod of

operation,
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Tidde: ,:;The'%’“_rrrﬁénﬁtf:ieé}‘ Propulsion (Fusion)

}Cﬁiﬁf_‘ceﬁ; “This concept utilizes-the energy released from thermonuclear

ns for-propulsion.

tributes: In principle, the 2nergy and pérformance of thermonuclear
propiilsion is second only to:the hypothetical photon rccket whichuses
‘mass annihilation. The-performance can be tailored to fit mission require-
ments; thermonuclear propulsion systems are inherently failsafe; af;&
fusion:-uses. igexﬁgnsi;i_rgfﬁropeu;pts,freadilg»avi;_ilable— in almost unlimited

=§§i§ﬁﬁﬁé’ézﬁﬁé§@i§d&ée no residual radioactive waste.

‘There-ave.a number -of ways in which the:iijpn@glegr energy
plied-to: propulsion. Confined in-a closed reactor, ‘the-energy
of fusion-fnay-be-converted diréctly-to el«.ctnczty' and-ised to power an
,advanced electnc thruster. By allowmg a portmn <{ the bot’=p1asma— from
a cl agn stic nézzle, t.hrust may. be-
This 1dea—:1s sometimes
called the "leaky bot‘éle. i Sumlar to a. hssmn sohd care rocket, fusion
energy may be used to heat a workmg fluid such as hydrogen for- expansion-
t{;rpugh a tonventional nozZie. Recent studies have indicated ;ha.tn..s;on
. enérgy may be effectively utilized in 2 pulsed mode i:{x_ii;ijajgd;bjr the intense
ligiit of lasers, Fusion pulsed propulsion srstems may be internal or
exf:er‘ﬁ’al If the reaction takes place in a chamber with -the hot plasin..
xpanded through a ''nozzle' + - concept is internal. Tﬁe e:{térrnal' corncept
- employs. an-explosion behind the vehicle with the thirust obtamed through a
momentum exchange between the rapidly expanding plasma and a mechani-
- cal shock abg;o:bef. “This external concept is like the Orion concept for
x;ugjg‘grifi:ssidn. The internal technique is very similar to chemical com-

‘bustion only the energies involved are much greater.
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Analysis: Recent advances in controlled thermoauclear fusion research
have given rise to renewed optimism regarding the practical feasibility of
obtaining ¢nergy from ccafined fusion reactions. A major breakthrough
in plasma containment tiine was recently obtained in the USSR by the
Tokamak-3 magneticalh,';closed toroidal reactor. The Tokamak concept
offers the potential of obtaining 2 net power producing reactor. Another
promising approach to obtaining energy from fusion uses lasers. Heré,
powerful pulsed laser light, focused on frozen fuel pellets, initiates
energy-releasing fusion reactions. Also, experiments indicate that useful
electrical power may be cbtained without a confining magnetic field

(Ref. II-13). Accordingly, it has been stated that there are now no known

reasons to prevent controlled thermonuclear fusion.

Conceptually, any wwo nuclei can undergo fusion. Fusion is a process
of '"building of elements'. from lighter elements. To fuse or stick together,
atoms must collide violently. The energy release is proportional to the
binding energy of stable elements. However, the lighter nucle: are pre-
ferred since a greater energy yield per fusion results and radiation losses
are minimized. The Lest candidate for a fusion fuel is deuterium. Because
deuterium and hydrogen differ so much in atomic weight, deuterium is
inexpensively separated and the technology for producing heavy-w:ter far
advanced., Eachgallonof sea water contaius 1/6 teaspoon of heavy- water,
and the cost of extracting that quantity of deuterium is less than ten cents.
Lithium-6, another possible propellant component, is relatively abundant
and inexpensive (Ref. Ii-14). The four fusion reactions thal use deuterium

are listed below.

% &+ D% — (,He> 4+ 0.8 mev) + (.n’ + 2,45 mev) (1
1 1 2 o
D% + D2 =~ (T3 + 1.0 mev) + ( H' +3.0 mev) (2)
, ) |
IDZ + T3 = H" + 3.6 mev) + (! + 14,1 mev) (3)
gba + ?_He3 ~ (,He* + 3.7 mev) + (,H + 14,6 mev) (4)
11-24
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In these equations D stands for deuterium, T for tritium, K for hydrogen,
He for helium, and n for a neutron. The subscripts refer to the number of
protons and the superscripts refer to the ncleon's weight (protons plus
neutrons). The resulting distribution of energy among the particles is
given in miliions of.electron volts. Indications are that the first two
reactions take place with about equal probability. However, there is

some temperature dependence. Reaction (3) is about 100 times more
probabie than reactions (1) and (2). The last reaction is the ieast likely.
All four reactions are required to complete the fusion of deuterium to

helium.

Because the thira reaction using tritium is so much more probable

and leads to the lowest ignition temperatures, it is tempting to use it.
Tritium can be generated through another nuclear reaction using
Lithium-6:

ZHe4 + (4.6 mev) (5)
The 14.1 mev neutron from Reaction (3) might be used in this "breeder"
reaction to obtain a closed cycle balance. Tnus lithium could act as a
neutron modesrator of energetic neutrons and a source of tritium. Unfor-
tunately, such a process introduces complications and disadvantages
(Ref. II-14).

The ignition cf a fusion reacrtion is initiated by raising a quantity of
deuterium gas to a temperature approaching 108 °¥. At such temperatures,
the gas is jully ionized and has become 2 plasma (free electrons and lons
with ejual charge density). Furthermore, in order for the particles to

react, the plasma must be confined in a rzlatively fixed¢ volume so that
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tke reactions can occur. The probabilities or cross sections of the fusion
reactions as a function of particle energy are plotted for the fusion
reactions in Figure II-7. An average energy of 10 kev corresponds to a
temperature of about 108 °K. Once the ignition temperature is attained
and the fusion reactions initiated, a self-sustaining net energy-producing
process is still not guaranteed. Clzarly, an answer to this problein
depends upon how much enexgy wi'i be lost by radiation and other mech-
anisms. Major energy loss mechanisms affecting thermonuclear

reactio.s are:

1. Radiation Losses: These are unavcidable losses primarily in
the form of X-rays that occur when electrons collide with nuclei. These
losses are known as bremsstrahlung radiation. The energy loss rate or

power loss is proportionally given by:

1/2

P (6)

2
© T z) x Z,00,2,9T,

L

where PL is the possible loss, nthe ion number density, Z the ion atomic
number, and Te the electron temperature. The subscripts denote the ion
species. It is important to note that the bremsstrahlung losses increase
dramatically with plasma impurity coutent. For example, a D-D reaction
with a 1 percent oxygen impurity enirained in the plasma suffers
bremsstrahlung loss 77 percent greater than 2 pure D-D reaction. Cyclo-
tron or magnetic bremsstrahlung losses occur for magnetically confined
geometries only and arise due to the gyration of electrons about magnetic

field lines.
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This power loss apparently occurs in the infrared region and is

proportionally given by:

22
Pp = 20,297, (M

When the plasma temperature T = Te, this loss allows only the D-T
reaction to occur unless the radiation can be partially reabsorbed within
the plasma. However, if the radiation is not reabsorbed, the presence
of this loss mechanism casts grave doubt on the practicality of magnet-
ically confined reactor geometries. A simple power balance accounting
for only bremsstrahlung losses in the D-D and D-T reactions are shown
in Figure II-8. The ideal ignition temperatures for these reactions are

seen to be approximately 5 kev for D-T and 36 kev for D-D.

2, Temperature Losses: Charge exchange losses occur when heated
ions accept electrons from cold neutrals which in turn become cold ions
that need to be heated to maintain the fusion reaction. Such losses appear
to preclude fusion ignition below T = 100 kev when excessive neutrals are
present. Contact with the walls of a container can also cause significant
energy locscs. Contrary to popular opinion, the reason for avoiding
contact with the wall is not that the plasma will vaporize the walls, but
that contact with the walls will instantly quench the reaction by cooling the
plasma (Ref. II-14).

The practical problemis involved in creating the conditions for ignition
of fusion reactions are great. Not only must the deuterium gas be heated
to extreme temperatures, but it must be contained for a sufficient period
of time at that température in such a way that the energy output appre-
ciably exceeds the energy input. The means to accomplish containment
require a detailed understanding of plasma instabilities, energy loss
mechanisms, and heating techniques. Trade-offs must be made between
the number density of fusionable ions (n), the plasma or ion temperature

(T), and the containment time ('rc).
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One of the most promising approaches to the confinement problem
has been to suspend the plasma in a strong magnetic field. This is the
"'magnetic bottle’" concept. Various configurations have been studied.
They include linear configurations, toroidal configurations, and other
configurations that combine certain attractive features (Ref. II-15).
However, thie approach has continuously been hamipered by plasma insta-
bilities. Plasma instabilit'ies are disturbances that grow in either space
or time such that the plasma is dispersed. Techniques exist to eliminate
gross or macroscopic instai)ilities. Microinstabilities arise from distri-
bution inhomogeneities and plasma property gradients have not been con-
trolled. Yet most of these microinstabilities appear manageable. At
one time, the problem of plasma diffusion losses across magnetic field
lines in magretically confined reactor geometries appeared insurmountabtle.
Recently major breakthroughs have occurred in this area, and the empir-
ical "Bohm' time barrier (the maximum confinement time achievable

before diffusion) has been exceeded by two orders of magnitude.

Figure II-9 illustrates the current experimental status of magnertically

confined reactors. On a T versus natural log (n-rc) diagram, a number of
the more promising concepts are rhown. The shaded region of the figure
corresponds te a gain in net power output over input for a D-T reaction

and follows from a simple power balance cons_idering‘only bremsstrahlung

losses., From Figure 1I-9 it is evident that not one of these current

research reactors delivers a useful output.

i 9 i W b 0 O

More recently, it has been suggested that magnetic confinement may
not be necessary if the energy required to initiate fusion reactions can
somehow be delivered to a deuterium-tritium mixture rapidly enough to

allow the reactions ic take place before the resulting plasma can disperse.

i ] "
! oy i oy ! "
st it ot

Such a method is aveailable using high-energy pulsed lasers. Current
concepts utilize frozen pellets of deuterium and tritium. The laser

energy is deliveved in two pulses. The first pulse contains enough energy

to mierely vaporize a portion of the pelliet. The second pulse contains
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